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ABSTRACT 
The h y p e r g o l i c i t y  of OnF2 a t  t h e  s a t u r a t i o n  po in t  i n  l i q u i d  oxygen 
T i t h  l i q u i d  and gaseous hydrogen i s  c r i t i c a l l y  dependent upon t h e  t e m -  
p e r a t u r e  of t h e  combustion chamber. When t h i s  tempera ture  i s  above 
150°K, p r e s s u r e ,  t o t a l  i n j e c t e d  weight r a t i o  of o x i d i z e r  t o  f u e l  and i n -  
j e c t o r  t ype  were t h e  primary v a r i a b l e s  of importance.  
I The p r e p a r a t i o n ,  mixing, and use  of s o l u t i o n s  of O3F2 i n  l i q u i d  
oxygen i s  reviewed. 
expec ted  t o  exceed one month. 
The s t o r a g e  l i f e  of t h e s e  s o l u t i o n s  a t  90°K i s  no t  
i ii  
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The o v e r - a l l  r e s u l t s  of ou r  i n v e s t i g a t i o n  i n d i c a t e  t h a t  h y p e r g o l i c i t y  
of O,F, i s  a s s o c i a t e d  wi th  i t s  thermal decomposition, which r e s u l t s  i n  
t h e  format ion  of r e a c t i v e  r a d i c a l s .  Rapid i g n i t i o n  i s  a s s o c i a t e d  wi th  
r e l a t i v e l y  warm combustion chambers (above 150'K); it a l s o  depends on 
t h e  ambient p r e s s u r e .  A s i g n i f i c a n t  dependence of i g n i t i o n  de lay  on t h e  
time-averaged weight r a t i o  of ox idant  t o  f u e l  was found f o r  a l l  i n j e c t o r  
t y p e s ;  however, a t  comparable O/F r a t i o s ,  de l ay  was dependent a l s o  on t h e  
i n j e c t o r  t y p e .  
0 0  
A number of problems a s s o c i a t e d  w i t h  i n s t rumen ta t ion  and 0,F2 han- 
d l i n g  were encoun te red ;  some of t h e s e  remain unreso lved  such a s  q u a n t i t a -  
t i v e  c a l i b r a t i o n  f o r  t r a n s i e n t  , multi-phase flow through o r i f i c e s ,  and 
a n a l y t i c a l  problems a s s o c i a t e d  wi th  t h e  u s e  of a h i g h l y  r e a c t i v e  and 
the rma l ly  u n s t a b l e  a d d i t i v e .  S i g n i f i c a n t  advances were made expe r imen ta l ly  
i n  de te rmining  c r i t i c a l  i g n i t i o n  parameters such as t r a n s i e n t  p r o p e l l a n t  
mass flow rate  and t h e  t i m e  and p lace  of i g n i t i o n .  I t  i s  b e l i e v e d  t h a t  
t h e  expe r imen ta l  r e s u l t s  provide t h e  eng inee r ing  background necessary  
f o r  any f u t u r e  c o n s i d e r a t i o n  of sca le -up  t o  l a r g e r  rocke t  e n g i n e s .  While 
some p rogres s  w a s  made i n  t h e  f i e l d  a n a l y s i s  of  LOX/03F2 s o l u t i o n s ,  a good 
method f o r  c h a r a c t e r i z i n g  LOX/03F2 suspensions was not developed. T h i s  
s tudy  h a s  shown t h a t  r a t h e r  c r i t i c a l  requirements must be m e t  i f  s a t i s f a c -  
t o r y  i g n i t i o n  i s  t o  be ach ieved ;  hence O,F, is  no t  a simple panacea f o r  
e l i m i n a t i n g  i g n i t i o n  or combustion problems i n  r o c k e t  sys t ems  t h a t  use 
l i q u i d  oxygen. 
While t h e  p r a c t i c a l i t y  of u s i n g  O,F, i n  space  p ropu l s ion  cannot be 
unequivoca l ly  s t a t e d  wi thout  a d e t a i l e d  eng inee r ing  s y s t e m s  s t u d y ,  some 
c r i t i c a l  c o n d i t i o n s  e x i s t .  These may be summarized as fo l lows:  
1. Liquid  oxygen/O,F, s o l u t i o n  must be d e l i v e r e d  t o  t h e  i n j e c t o r  
f a c e  i f  t h e  O,F, i s  t o  be e f f e c t i v e  as an  i g n i t i o n  parameter .  
2. Tile  comuustion chamber should be a t  a tempera ture  above 150°K. 
1 
3. 
4. 
It 
The s t o r a g e  l i f e  of  prepared  mX/0 ,F2  s o l u t i o n  a t  9 0 ° K  i s  n o t  
expec ted  t o  exceed one month; t h e  s t o r a g e  l i f e  of s o l u t i o n s  a t  
tempera tures  above 9 0 ° K  has  not  been de termined .  
The r e l a t i v e l y  long  i g n i t i o n  de lays  of 5 t o  50 m i l l i s e c o n d s  
observed-may prec lude  t h e  use  of mX/O3F2 i n  small impulse b i t  
d e v i c e s .  
h a s  been sugges ted  t h a t  O3F2,  by modifying t h e  combustion mechanism, 
might promote combustion s t a b i l i t y  i n  smal l  combustors where combustion 
may be chemica l ly  k i n e t i c - l i m i t e d .  Our s t u d i e s  showed t h a t ,  i n  t h e  com- 
b u s t o r  i n v e s t i g a t e d ,  t h e  presence o r  absence of i n s t a b i l i t y  appeared t o  
be more a f e a t u r e  of t h e  i n j e c t o r  d e s i g n  s i n c e  seve re  combustion i n s t a -  
b i l i t y  w a s  observed us ing  c e r t a i n  i n j e c t o r s .  
2 
I1 INTRODUCTION 
The s t u d i e s  desc r ibed  i n  t h i s  r epor t  w e r e  c a r r i e d  ou t  under NASA 
Con t rac t  No. NAS3-4187, and they  have sought t o  c l e a r l y  d e f i n e  t h e  oper- 
a t i o n a l  l i m i t s  and c r i t i c a l  Parameters fo r  t h e  use of t r i oxygen  d i f l u o -  
r i d e  (O3Fz) a s  an  a d d i t i v e  i n  l i q u i d  oxygen t o  promote hype rgo l i c  i g n i t i o n  
between hydrogen and oxygen. A prime goal of t he  exper imenta l  program 
was t o  o b t a i n  informat ion  a t  known environmental  c o n d i t i o n s  i n  o r d e r  t o  
e l i m i n a t e  u n c e r t a i n t i e s  i n  d e f i n i n g  t h e  t r a n s i e n t  f low c h a r a c t e r i s t i c s  
of t h e  s y s t e m  a t  and p r i o r  t o  i g n i t i o n .  
I t  is  p e r t i n e n t  t o  note  t h a t  t h e  use of O,F, a s  an  i g n i t i o n  a d d i t i v e  
t o  l i q u i d  oxygen was f i r s t  proposed by Kirshenbaum e t  a l l .  
a t  S t a n f o r d  Research I n s t i t u t e  i n  a double-wall q u a r t z  engine  chamber, 
t h e  h y p e r g o l i c  i g n i t i o n  even t  was photographed. 
I n  l a t e r  work" -- - 
Experimental  s t u d i e s  w e r e  performed with l i q u i d  and gaseous hydrogen 
u s i n g  a sma l l  c ryogenic  l i q u i d  p r o p e l l a n t  f low f a c i l i t y  and a nonina l  300-lb 
t h r u s t  chamber. The combustor was 3 inches i n  d iameter  and 10 inches  l o n g ;  
i t  was used wi th  a number of  i n j e c t o r  t ypes .  Th i s  co:nbustor i s  r ep resen ta -  
t i v e  of a t t i t u d e  c o n t r o l  d e v i c e s  which might be cons idered  a d j u n c t s  t o  a 
main s t a g e  based on c u r r e n t  l i q u i d  hydrogen and l i q u i d  oxygen technology. 
The combustor was f i t t e d  wi th  m u l t i - s t a t i o n  i o n  probes so t h a t  t he  p r e c i s e  
l o s a t i o n  of t he  onse t  of i g n i t i o n  could  be de te rmined;  t h u s ,  e x t e r n a l  blow- 
back i g n i t i o n s  could  be r e a d i l y  d e t e c t e d .  
' U . S .  P a t e n t  3 ,170 ,282 .  
2 1 n v e s t i g a t i o n  of O,Fz and t h e  Hypergolic B ip rope l lnn t  T R a / T L 3 0 Z r 0 3 F 2 ,  
NASA CR-54072, Cont rac t  NASr-49(00) [ k R C ( O l ) ] ,  June 1964. 
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I I I EXPERIMENTAL APPROACH 
A .  General  Descr ip t ion  
~~ 
The small  r o c k e t  combustor used f o r  most expsr iments  could be main- 
t a i n e d  i n  a temperature-cont r o l l e d  environment a t  s e l e c t e d  temperatures  
down t o  77OK. To avoid problems a r i s i n g  from p r o p e l l a n t  accumulation i n  
t h e  chamber, t h e  combustor was mounted v e r t i c a l l y  and t h e  exhaus t  was 
f i r e d  through a d e f l e c t o r  tube i n t o  a h o r i z o n t a l  vacuum chamber, 2 f e e t  
i n  d iameter  and 12  f e e t  l o n g ,  equipped with a qu ick-ac t ing  blow-out p o r t .  
The complete test  assembly was mounted i n  a n  open-end c o n c r e t e  f i r i n g  bay 
wi th  2- foot - th ick  w a l l s  and was connected by c r y o g e n i c a l l y  i n s u l a t e d  l i n e s  
t o  t h e  two p r o p e l l a n t  t a n k s  l o c a t e d  below ground l e v e l  on t h e  e x t e r n a l  pad. 
The hydrogen l i n e  was 3/4- inch,  super - insu la ted  p i p  manufactured by t h e  
Linde Company, and t h e  l i q u i d  oxygen l i n e  w a s  a double-wall  s t a i n l e s s  
steel p i p e .  A j a c k e t  of coolan t  LOX i n  t h e  o u t s i d e  annulus  maintained 
t h e  o x i d a n t  l i n e  a t  t h e  d e s i r e d  temperature  of 90°K. 
For  e x p u l s i o n  of p r o p e l l a n t s ,  both p r o p e l l a n t  t a n k s  could  be pressur -  
i zed  wi th  t h e  a p p r o p r i a t e  gas  t o  any d e s i r e d  p r e s s u r e  between 200 and 400 
p s i g .  A diagram of t h e  f a c i l i t y  flow s y s t e m  is given i n  F i g .  1. The t e s t  
i n s t a l l a t i o n  was f i t t e d  wi th  a u x i l i a r y  n i t rogen  gas  and l i q u i d  n i t r o g e n  
purge sys tems.  
I n  s t u d i e s  of t h e  i g n i t i o n  phenomena it  was cons idered  of t h e  utmost 
importance t o  determine t h e  phys ica l  s t a t e  of t h e  p r o p e l l a n t s  p r i o r  t o  
t h e i r  e n t r y  i n t o  t h e  combustor a t  t h e  onset of i g n i t i o n .  T h e r e f o r e ,  
s i g n i f i c a n t  improvements i n  methods f o r  measuring t r a n s i e n t  v a l u e s  of 
p r e s s u r e ,  t e m p e r a t u r e ,  and p r o p e l l a n t  flow were r e q u i r e d .  T r a n s i e n t  time 
r e s o l u t i o n  of less  t h a n  50 microseconds was cons idered  necessary .  
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B .  Ins t rumenta t  i on  
Ear ly  i n  our i n v e s t i g a t i o n  it was concluded t h a t  r a t h e r  advanced 
in s t rumen ta t ion  approaches were needed t o  o b t a i n  t h e  r equ i r ed  degree of 
accuracy i n  measuring t h e  o p e r a t i o n a l  parameters of a smal l  s c a l e  com- 
b u s t o r  u s i n g  c ryogenic  p r o w l l a n t s .  These problems a r o s e  because : 
1. Adverse thermal  leakage i s  c h a r a c t e r i s t i c  of a smal l  flow f a c i l i t y .  
2 .  Transducers  are corroded by t h e  O,F,/LOX s o l u t i o n  ( p a s s i v a t i o n  by 
f l o u r i n e  d id  not completely e l i m i n a t e  t h i s  even though moi s tu re  
was r i g o r o u s l y  exc luded) .  
3 .  Commercially a v a i l a b l e  p re s su re  and tempera ture  t r a n s d u c e r s  re- 
q u i r e  l a r g e  mountings wi th  h igh  h e a t  l eakages .  
The  problems of thermal  leakage a t  t r a n s d u c e r  mounts were overcome 
i n  two ways. F i r s t ,  t h e  e n t i r e  i n j e c t o r  and i n s t r u m e n t a t i o n  assembly was 
cont inuous ly  immersed i n  a l i q u i d  n i t r o g e n  ba th  (LNz)  S O  t h a t  t h e  d r i v i n g  
p o t e n t i a l  was never  i n  e x c e s s  of 53OK ( t h e  d i f f e r e n c e  between l i q u i d  
n i t rogen  and l i q u i d  hydrogen b o i l i n g  p o i n t s  a t  1 a tmosphere) .  Second, i n  
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t hose  p a r t s  of t h e  system where cryogenic  b a t h s  or s u p e r - i n s u l a t i o n  could  
not  be employed, t r a n s d u c e r  assembl ies  of low t o t a l  mass were des igned  
and t h e s e  w e r e  i n s u l a t e d  wi th  low dens i ty  polyure thane  foam. T o  f u r t h e r  
improve r e p r o d u c i b i l i t y ,  t h e  p rope l l an t  f low l i n e s  were vented p r i o r  t o  
each  test run  a t  t h e  upstream end of t h e  main f low v a l v e s .  The ven t ing  
cyc le  w a s  t e rmina ted  when t h e  l i n e  thermocouples upstream of t h e  f low 
va lves  r e g i s t e r e d  a uniform temperature  c h a r a c t e r i s t i c  o f  t he  c o l d  l i q u i d  
p r o p e l l a n t s .  
P r o p e l l a n t  f low was r egu la t ed  by a c o n t r o l  console  which was connected 
t o  quick-response pneumatic and so leno id -con t ro l l ed  va lves  i n  t h e  f i r i n g  
bay.  A l l  o p e r a t i o n s  a f t e r  t h e  i n i t i a l  s e t t i n g  of  t ank  p r e s s u r e s  were con- 
t r o l l e d  a u t o m a t i c a l l y  through an  e l e c t r o n i c  sequencer .  Cool-down cyc le s ,  
valve-opening sequences ,  purging time of t h e  engine  bay ,  i n e r t  gas b l e e d ,  
and engine  o p e r a t i n g  times were a l l  v a r i a b l e  and were c o n t r o l l e d  by d i a l i n g  
i n  t h e  d e s i r e d  times on t h e  sequencer .  
Recording of d a t a  was done on a 36-channel o s c i l l o g r a p h  and two seven- 
channel  t a p e  r e c o r d e r s .  The osc i l l og raph  provided quick-look d a t a  and 
sequencing in fo rma t ion ,  whi le  a l l  d a t a  concerned wi th  i g n i t i o n  d e l a y  measure- 
ments were recorded on tape f o r  subsequent playback on  e i t h e r  t h e  o s c i l l o -  
graph or an o s c i l l o s c o p e .  
The eng ine  w a s  instrumented as  shown i n  F i g .  2 .  High response K i s t l e r  
(Type 601-A) gages (immersed i n  l i q u i d  n i t rogen)  were used t o  measure t h e  
i n j e c t o r  and engine  p r e s s u r e s .  Ion  gages l o c a t e d  i n  t h e  s i d e  of t h e  
engine  and i n  t h e  en t r ance  elbow t o  t h e  vacuum chamber j u s t  o u t s i d e  t h e  
engine  nozz le  were used t o  d e t e c t  i n i t i a t i o n  and l o c a t i o n  of i g n i t i o n .  
( i n  p a r t i c u l a r ,  p r e c i s e  informat ion  on whether i g n i t i o n  w a s  i n t e r i o r  or 
e x t e r i o r  w a s  o b t a i n a b l e .  ) The cryogenic  l i n e  tempera tures  were determined 
us ing  l o c a l l y  prepared f a s t - r e sponse  gold-cobal t  vs copper  thermocouples .  
Genera l  in format ion  on t r a n s d u c e r  des ign  and on t h e  in s t rumen ta t ion  
and c o n t r o l  i n t e r f a c e s  i s  g iven  i n  Appendix C .  
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C .  Rocket Combustor Design F a c t o r s  
The b a s i c  combustor (F ig .  2) was 3 inches  i n  d iameter  by 10 inches  
long .  The engine  L* could  be changed from 52 t o  26 by i n s e r t i o n  of a 
l i n e r  which reduced t h e  I . D .  from 3 t o  2 i nches .  The normally used 1.25- 
inch  nozz le  maintained t h e  engine  o p e r a t i n g  p res su re  i n  t h e  range from 
100-150 p s i g  wi th  t o t a l  p r o p e l l a n t  flow about 1 l b / s e c .  Four i n j e c t o r s  
a r e  shown i n  F i g s .  3-5; 100- and 300- l b  t h r u s t  s i n g l e  element t r i p l e t s ,  
300-lb t h r u s t  20-element c o a x i a l ,  and 300-lb t h r u s t  8-element vo r t ex  
i n j e c t  or. 
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I V  PREPARATION OF OaFz AND SOLUTIONS WITH LIQUID OXYGEN 
A .  P r e p a r a t i o n  of 03F2 
~~~ ~ 
03Fz f o r  t h e  r o c k e t  motor i g n i t i o n  tes ts  w a s  prepared by t h e  method 
d e s c r i b e d  p r e v i o u s l y 2 .  
B.  P r e p a r a t i o n  of LOX/03F2 S o l u t i o n s  
Neat 03F2 ,  a f t e r  p r e p a r a t i o n ,  w a s  s t o r e d  i n  t h e  f r o z e n  s t a t e  i n  a 
l i q u i d  n i t r o g e n  b a t h .  The s i n g l e  25-cc g l a s s  f l a s k s  conta ined  from 10 
t o  20 cc 03F,. On run  days t h e  es t imated  number of  f l a s k s  requi red  t h a t  
day were t r a n s f e r r e d  t o  small  dewars c o n t a i n i n g  l i q u i d  oxygen and t h e  
03Fz s lowly  mel ted .  During t h e  mel t ing  t h e  f l a s k s  w e r e  f r e q u e n t l y  checked 
f o r  f l u i d i t y  and c o l o r .  
a r e  t h a t  i t  melts i n  less than  one hour and t h a t  i ts  c o l o r  changes from 
orange t o  deep r e d .  I f  t h e  contamination l e v e l  ( p o s t u l a t e d  t o  be 02F2) 
w a s  t o o  h i g h  i n  a sample,  it would n o t  melt i n  t h e  range 77 t o  9 0 ° K  and 
was discarded. .  
t l  A t  9 0 ° K  t h e  acceptance c r i t e r i a  f o r  good" 0,F2 
When t h e  r e q u i r e d  amount of 03F2 was  melted from two or more f l a s k s  
(about t w i c e  a s  much a s  necessary t o  s a t u r a t e  t h e  37 l i t e r s  of LOX pre- 
loaded i n t o  t h e  mix tank ( F i g .  6 )  t h e  l i q u i d  03F2 was t r a n s f e r r e d  through 
a LOX-jacketed t r a n s f e r  funnel  a t t a c h e d  t o  t h e  mix t a n k .  F o r  s a f e t y  
reasons  t h e  funnel  was equipped wi th  a remete, n a g n e t i c a l l y  opera ted  b a l l  
va lve  and was f i r m l y  connected t o  t h e  mix t a n k .  T h i s  t a n k  of  s t a i n l e s s  
s tee l  was 15-3/8 i n .  i n  d i a .  and 18 i n .  deep ,  and was i n s u l a t e d  wi th  4 i n .  
of  low d e n s i t y  polyurethane foam. I t  was f i t t e d  wi th  a 1 2 - i n . - d i a .  t u r b i n e  
d i s c  a g i t a t o r  which could be r o t a t e d  a t  100 rpm w i t h  an a i r  motor.  A l l  
foamed o r g a n i c  m a t e r i a l  was jacke ted  with copper or s t a i n l e s s  s teel  s h e e t  
t o  prevent  a c c i d e n t a l  f i r e s  from inadver ten t  c o n t a c t  w i t h  03F,. 
A s  soon a s  t h e  t r a n s f e r  of  t h e  O3F2 was completed,  t h e  LOX was 
a g i t a t e d  f o r  30 minutes a t  1 atmosphere t o  e n s u r e  thorough mixing and 
s o l u t i o n .  A f t e r  a 15-minute per iod  t o  a l l o w  bulk undisso lved  O,F, t o  
s e t t l e ,  t h e  s o l u t i o n  was t r a n s f e r r e d  i n t o  t h e  LOX r u n  t a n k  through a 
vacuum i n s u l a t e d  l i n e .  A one-inch s tand  pipe i n  t h e  bottom of t h e  mix 
t a n k  ensured  t h a t  t h e  undissolved 03F2 remained i n  t h e  mix t a n k .  On 
subsequent warming of t h e  tank  t h e  undissolved 03F, decomposed. 
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v EXPERIMENTAL PROGRAM 
A .  H y p e r g o l i c i t y  Between 20 t o  77'K 
E a r l y  i n  t h e  test program it was necessary t o  a s c e r t a i n  i f  03F2/LOX 
i s  h y p e r g o l i c  w i t h  hydrogen i n  t h e  region from 20 t o  77'K, s i n c e  our  tes t  
p l a n  inc luded  working with t h e  engine i n  l i q u i d  n i t r o g e n  wi th  l i q u i d  
hydrogen f e e d .  
(approximately 0.1% by weight ) .  A 10-cc sample was t h e n  s e a l e d  i n  a 
f l a s k  and f r o z e n  i n  l i q u i d  n i t r o g e n .  This v i a l  w a s  t r a n s f e r r e d  by a i r -  
opera ted  p i s t o n  i n t o  a n  u n s i l v e r e d  dewar c o n t a i n i n g  l i q u i d  hydrogen and 
t h e  v i a l  broken by mechanical ly  f o r c i n g  i t  a g a i n s t  a backs top  of s tee l  
s p i k e s .  The t i m e  requi red  f o r  t h e  v i a l  t o  become submerged and t o  be 
broken was less t h a n  one second.  
Our test procedure was t o  s a t u r a t e  LOX wi th  0,F2 a t  90°K 
High speed movies w e r e  t a k e n  of t h e  exper iment ,  which w a s  c a r r i e d  
o u t  i n  d u p l i c a t e .  I n  both tes ts  no i g n i t i o n s  occurred  when t h e  v i a l  was 
broken.  I n  one t e s t  t h e  hydrogen evaporated i n  10 minutes  u n t i l  LQX/ 
03F2 w a s  exposed t o  r e l a t i v e l y  warm ambient a tmosphere,  and t h e n  i g n i t i o n  
o c c u r r e d .  I n  t h e  other s i m i l a r  t e s t ,  decomposition occurred a f t e r  t h e  
hydrogen had e v a p o r a t e d ;  i n  t h i s  case no e x p l o s i v e  i g n i t i o n  was observed.  
One of  t h e  more obvious r e s u l t s  of t h i s  t es t  i s  that t h e r e  was no 
i g n i t i o n  a s  long  a s  t h e  LOX/0,F2 remained a t  20'K. 
t h e  r e s u l t s  dur ing  t h e  t r a n s i t i o n  per iod between 20 and 77'K, t h e  temp- 
e r a t u r e  of t h e  v i a l  a s  it was withdrawn from i t s  e q u i l i b r i u m  b a t h  of 
l i q u i d  n i t r o g e n ,  i t  i s  necessary  t o  e s t i m a t e  t h e  t e m p r a t u r e  d i s t r i b u t i o n  
w i t h i n  t h e  s p h e r i c a l  mass o f  LOX/03F2. 
made a s  shown i n  F i g .  7 .  I n  o r d e r  t o  c a l c u l a t e  t h e  temperature  d i s t r i -  
b u t i o n  i n  t h e  sphere a f t e r  it i s  plunged i n t o  l i q u i d  hydrogen, i t  i s  
assumed t h a t  t h e  thermal  p r o p e r t i e s  a r e  cont inuous and a r e  t h o s e  of l i q u i d  
oxygen a t  77'K. 
u n s t e a d y - s t a t e  h e a t  conduct ion by t h e  method of Corslaw and Jaeger3  and 
I n  o r d e r  t o  i n t e r p r e t  
The v i a l  c o n t a i n i n g  LOX/03F2 was 
The e s t i m a t e d  temperature d i s t r i b u t i o n  is c a l c u l a t e d  f o r  
3 H .  S .  Corslaw and J .  C .  J a e g e r ,  Conduction of Heat < n  S o l i d s ,  Oxford 
U n i v e r s i t y  P r e s s  (19591, p. 234. 
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p l o t t e d  i n  Fig. 8. For immersion t i m e s  of 3 and 171 seconds ,  i t  appears  
t o  be a conserva t ive  e s t i m a t e  from t h e s e  d a t a  t h a t  t h e  sphere  was very 
c l o s e  t o  77'K when t h e  g l a s s  was broken by t h e  s p i k e s  a t  t h e  bottom of 
t h e  dewar and when t h e  l i q u i d  oxygen w i t h  03F, c o n t a c t e d  t h e  hydrogen. 
Under t h e s e  c o n d i t i o n s  i t  was concluded t h a t  t h e  LOX mixture  was non- 
hypergol ic  between 20 and 77'K. 
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B.  I g n i t i o n  T e s t s  Using Combustor 
1. Experimental  Procedure 
The test  runs  i n  t h e  combustor were l i m i t e d  t o  250 m i l l i s e c o n d s  t o  
conserve m a t e r i a l  and prevent  burn-out of any p a r t  o f  t h e  eng ine .  A s  
s t a t e d  e a r l i e r ,  t h e  p r o p e l l a n t  f eed  l i n e s  l e a d i n g  t o  the  e n g i n e ,  m a i n  
f low v a l v e s ,  c a v i t a t i n g  v e n t u r i  meters, and p res su re  and tempera ture  
measuring d e v i c e s  were submerged i n  a j a c k e t  of l i q u i d  n i t r o g e n  (F ig .  9)  
The combust i on  chamber envi ronmenta l  t empera ture  could  be v a r i e d  i n  
s t a g e s  from ambient temperature  t o  t h e  b o i l i n g  po in t  of l i q u i d  n i t r o g e n  
by means of a second ba th  around t h e  exhaus t  nozz le  and t h e  combustion 
chamber body. F l u i d s  used and cor responding  tempera tures  were: n i t r o g e n ,  
77'K; a r g o n ,  87'K; Freon 1 2 ,  130'K; dry  ice and t r i c h l o r e t h y l e n e ,  190'K; 
ambient ba th  of t r i c h l o r o e t h y l e n e ,  290'K. A f t e r  t h e  atmospheric  p re s su re  
t e s t s  through t e s t  S e r i e s  3 ,  t h e  t r a n s i t i o n  p iece  (F ig .  9 e x t e n d i n g  from 
t h e  nozzle t o  t h e  elbow l ead ing  t o  t h e  vacuum t a n k )  w a s  added t o  t h e  
exper imenta l  s e t -up . .  Then t h e  engine  exhaus ted  through a 3- inch-d ia .  p ipe  
i n t o  the  vacuum tank  equipped wi th  a 6- inch blow-off p o r t ,  which w a s  s imply 
a n  aluminum p l a t e  pressed  a g a i n s t  an  O-ring he ld  i n  a 6- inch f l a n g e .  
A normal run  sequence s t a r t e d  wi th  l i q u i d  oxygen v e n t i n g  through 
t h e  oxidant  l i n e  u n t i l  t h e  l i n e  tempera ture  . just  ahead o f  t h e  vent  tee 
came t o  equ i l ib r ium a t  90'K. Th i s  was monitored by comparing t h e  ga l -  
vanometer response on t h e  o s c i l l o g r a p h  a g a i n s t  a c a l i b r a t i o n  mark. The 
l i q u i d  oxygen s i d e  of t h e  flow system w a s  t h e n  locked  and t h e  sequence 
repeated on t h e  hydrogen s i d e .  Each s i d e  u s u a l l y  r equ i r ed  up  t o  30 
seconds t o  c o o l  down. With in  10 seconds a f t e r  lock-up on t h e  hydrogen 
s i d e  t h e  f i r i n g  c y c l e  was s t a r t e d  on t h e  au tomat ic  sequencer .  T h i s  
opened t h e  main f low va lves  and c losed  them a f t e r  t h e  s e l e c t e d  o p e r a t i n g  
t i m e  was completed,  a maximum of  250 m i l l i s e c o n d s .  Immediately a f t e r  
shutdown t h e  engine  was a u t o m a t i c a l l y  purged wi th  n i t r o g e n  through t h e  
i n j e c t o r  t o  prepare  t h e  s y s t e m  f o r  t h e  next  run .  A summary of t h e  test 
cond i t ion  encompassed by t h e  10 test  series, compris ing some 138 tes t  runs  
i s  shown i n  Table  I .  
Table I1 through Table  X . )  
(The run tes t  d a t a  f o r  a l l  t h e  tests are g iven  i n  
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T e s t  S e r i e s  1 was o r i g i n a l l y  designed t o  e v a l u a t e  t h e  f e a s i b i l i t y  
of u s i n g  a g l a s s  combustion chamber f o r  s tudy ing  t h e  i g n i t i o n  p rocess .  
The one run  r e s u l t e d  i n  a n  ex t remely  hard s t a r t .  The r e s u l t i n g  damage 
prec luded  t h e  r ap id  r e p e t i t i o n  of a t e s t .  I t  w a s  decided consequently t o  
c o n c e n t r a t e  f o r  T e s t  S e r i e s  2 through 10 on exper iments  w i th  t h e  meta l  
combustor i n  combination with m u l t i - s t a t i o n  ion  probes f o r  s p a t i a l  
r e s o l u t i o n  of t h e  i g n i t i o n  c e n t e r .  
2 .  Data Reduction 
Two t y p e s  of d a t a  r educ t ion  were r equ i r ed  t o  o b t a i n  t h e  comparative 
i g n i t i o n  d a t a  from t h e  t es t  r eco rds .  F i r s t ,  i t  was necessary  t o  e s t a b l i s h  
t h e  l o c a t i o n ,  i n  or out  of t h e  chamber, where i g n i t i o n  occur red .  Th i s  
was done b y  p lay ing  back t h e  ion  gages and Kistler chamber p re s su re  gage 
responses  du r ing  t h e  i g n i t i o n  phase. Tape d a t a  were rep layed  through a 
Type M p lug- in  on a 535 or 555 Tekt ronix  scope and recorded on P o l a r o i d  
f i l m  so  t h a t  a l l  responses  could be compared on t h e  same t i m e  b a s i s .  
A t y p i c a l  playback i s  shown i n  F i g .  10.  Our t i m e  d i s c r i m i n a t i o n  f o r  t h i s  
r e d u c t i o n  was 20 microseconds.  S ince  t h e  t r a v e l  t i m e  a t  d e t o n a t i o n  
v e l o c i t y  (: 3000 meters/second) down the chamber t o  t h e  i o n  gage o u t s i d e  
t h e  nozz le  was of t h e  o r d e r  of 80 p s e c ,  it was p o s s i b l e  t o  p r e c i s e l y  
l o c a t e  the i g n i t i o n  l o c a t i o n .  A second playback of chamber p r e s s u r e ,  
P vs  t h e  l agg ing  i n j e c t o r  p re s su re  gage response  from t h e  t a p e  record  
was a l s o  used t o  e s t a b l i s h  t h e  i g n i t i o n  d e l a y .  
C ’  
The d a t a  a n a l y s i s  c o r r e l a t i o n  requi red  a mass flow i n t e g r a t i o n  of 
both f u e l  and oxidant  du r ing  t h e  t r a n s i e n t  and multi-phase flow c o n d i t i o n s  
p r i o r  t o  i g n i t i o n .  
E s t a b l i s h i n g  t h e  t o t a l  amounts of hydrogen and oxygen which flowed t o  
t h e  eng ine  up t o  t h e  t i m e  of i g n i t i o n  r equ i r ed  s e v e r a l  approximat ions .  
Examination of t h e  problem ear ly  e s t a b l i s h e d  t h a t  no s a t i s f a c t o r y  theo- 
r e t i c a l  b a s i s  e x i s t e d  for us ing  s tandard  flow c o n s t r i c t i o n  s i n c e  v e n t u r i  
meters and o r i f i c e s  a r e  based upon t h e  B e r n o u l l i  e q u a t i o n  de r ived  
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from E u l e r s  ' e q u a t i o n s  of motion f O r  one-dimensional f low.  The energy  
equat ion  f o r  t r a n s i e n t  f low phenomena4 r e t a i n s  t h e  e x p r e s s i o n  f o r  t h e  t i m e  
v a r i a t i o n  of flow i n  t h i s  manner: 
2 
Evalua t ion  o f  t h e  l a s t  term l e a d s  t o  d i f f i c u l t y  i n  computing flow d u r i n g  
t h e  period of t h e  i g n i t i o n  t r a n s i e n t .  
As a r e s u l t  of t h e  above c o n s i d e r a t i o n ,  t he  fo l lowing  approximations 
w e r e  used. I n  c a l c u l a t i o n s  of l i q u i d  f l o w ,  t h e  l i n e  tempera ture  down- 
stream from t h e  c a v i t a t i n g  v e n t u r i  and t h e  upstream l i n e  p r e s s u r e  a l low 
an  e s t ima te  t o  be made of t he  l i q u i d  d e n s i t y .  T h i s ,  t o g e t h e r  w i th  t h e  
ven tu r i  c a l i b r a t i o n  cu rves  ( a g a i n s t  water )  gave s t eady  s t a t e  flow io and 
i During s t eady  flow time the  l i n e  p re s su re  was matched b y  a c o r r e s -  
ponding i n j e c t o r  p re s su re  and 
h '  
- t = i gn  P . d t  1 -- 
1 at, 
The steady s t a t e  flow was c a l c u l a t e d  i n  t h e  case  of t h e  ox idan t  i n  t h e  
fo l lowing  manner: 
0 
P i ( e f f )  
w 0 = i  0 /ii ( s t e ady 1 
0 0  
and o = w A t  o i  
where = t o t a l  f low ( l b )  , io = average f low r a t e ,  ( l b / s e c )  and 
A t i  = t i m e  from i n j e c t o r  p r e s s u r e  rise t o  i g n i t i o n .  
A similar procedure was fo l lowed f o r  t h e  f u e l .  
*Walther,  Kaufman, F l u i d  Mechanics, McGraw H i l l  Book C O . ,  N . Y .  (1963) p.  55. 
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FIG. 10 KISTLER AND ION GAGES OSCILLOSCOPE TRACES 
SHOWING IGNITION OUTSIDE ENGINE 
I n  t h e  m a j o r i t y  of t es t s ,  p a r t i c u l a r l y  i n  t h e  case  of hydrogen, i t  
was found t h a t  i n i t i a l l y  t h e  l i q u i d  f l a shed  a s  g a s ,  and t r a n s i e n t  choked 
gaseous flow occurred  ahead of l i q u i d  flow through t h e  i n j e c t o r  o r i f  ices. 
Any s i g n i f i c a n t  gas  phase flow through the i n j e c t o r  o r i f  ices was assumed 
t o  have occur red  up t o  t h e  per iod  def ined  by t h e  f i r s t  i n d i c a t i o n  of a 
g iven  i n j e c t o r  p r e s s u r e  t o  i t s  t r a n s i e n t  peak. 
The test  d a t a  f o r  a l l  t h e  t e s t  f i r i n g s  are l i s t e d  i n  t a b u l a r  form 
a t  t h e  conc lus ion  of t h e  d i s c u s s i o n  s e c t i o n  of  t h i s  r e p o r t .  The parameters  
l i s t e d  inc lude  p r o p e l l a n t  f low d a t a ,  engine test d a t a ,  mix ture  r a t i o  d a t a ,  
and i g n i t i o n  d e l a y .  
The l eg i t imacy  of c o r r e l a t i n g  i g n i t i o n  d e l a y  wi th  t h e  time-averaged 
0 0  
mixture r a t i o  O/F might be q u e s t i o n e d ,  but i t  appea r s  j u s t i f i a b l e  on t h e  
grounds t h a t  a t  t h e  L* and flow r a t e s  used t h e  p r o p e l l a n t  was l a r g e l y  
con ta ined  i n  t h e  combustor d u r i n g  t h e  measured i g n i t i o n  i n t e r v a l .  I n  
t h o s e  cases where i g n i t i o n  was e x t e r n a l  t o  t h e  combustor i g n i t i o n ,  t h e  
de l ay  measured i s  i d e n t i c a l  t o  t h a t  f o r  i n t e r n a l  i g n i t i o n .  High pro- 
p e l l a n t  flo-iv v e l o c i t y  through t h e  chamber would i n c r e a s e  t h e  p r o b a b i l i t y  
of e x t e r n a l  i g n i t i o n .  I n j e c t o r  des ign  and t h e  r e s u l t i n g  mixing of f u e l  
_._. 1 ---<-----A f L - * L  =-.- CL- - L  ,-..?.:--* -*  1 1  ^-.-__--I - -__ :-I:L--? --... 1 , 
cliiu u n i u c l i i c  \ u u c u  A I  UIII c i i c  J baiiupviiir. VI b i ~ c i i i i a i  C ~ U I I I U I  IWII  aiiu iiuiiiu- 
geneous mixing) a r e  of e q u a l  importance.  
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3 .  Experimental  R e s u l t s  
a .  Engine Environmental  Temperature V a r i a t i o n s  
I n  T e s t  S e r i e s  2 and 3 t h e  engine  ambient temperature  was main- 
t a i n e d  by l i q u i d  n i t r o g e n  and l i q u i d  argon b a t h s  a t  77°K and 87'K. 
t h r u s t  of  t h i s  engine  with a smal l  t r i p l e t  i n j e c t o r  w a s  100 l b ;  t h e  engine  
was s t a r t e d  a t  a tmospheric  p r e s s u r e .  I n  F i g .  11 t h e  i g n i t i o n  d e l a y s  a r e  
p l o t t e d  a g a i n s t  O/F, t h e  mass r a t i o  of  t h e  t o t a l  amount of l i q u i d  oxygen 
t o  t h e  t o t a l  l i q u i d  hydrogen which flowed t o  t h e  engine  up t o  t h e  t i m e  of  
i g n i t i o n .  I g n i t i o n  d e l a y  i s  d e f i n e d  a s  t h e  t i m e  from l a g g i n g  i n j e c t o r  
pressure t o  s t a r t  of chamber p r e s s u r e .  A t  t h i s  t h r u s t  l e v e l  and temp- 
e r a t u r e  a l l  i g n i t i o n s  occurred  i n s i d e  t h e  engine  a s  i n d i c a t e d  by i o n  gages .  
Nominal 
0 0  
The t o t a l  p r o p e l l a n t  f low r a t e  was t h e n  i n c r e a s e d  from about  0 .3  l b /  
sec t o  1 . 0  l b / s e c .  Both t h e  c o a x i a l  and a t r i p l e t  i n j e c t o r  w e r e  designed 
t o  achieve t h i s  i n  T e s t  S e r i e s  4 .  The engine  was a g a i n  s t a r t e d  a t  ambient 
pressure with tempera tures  of 77 and 87OK. 
i g n i t i o n  de lay  and O/F i s  shown i n  F i g .  1 2 .  There i s  no apparent  d i f f e r -  
ence i n  d e l a y s  between t h e  t r i p l e t  and c o a x i a l  i n j e c t o r s .  However, a l l  
i g n i t i o n s  a t  t h e s e  h i g h e r  flow r a t e s  and low tempera tures  occurred  out -  
s i d e  the engine .  This  was determined wi th  i o n  gage i n s t r u m e n t a t i o n  a n d ,  
s i g n i f i c a n t l y ,  t h e  f lashback  i n t o  t h e  engine  t r a v e l e d  a t  t h e  d e t o n a t i o n  
v e l o c i t y  of premixed LOX/hydrogen f lames .  It  appears  t h a t  l i g h t - o f  f 
occurred o u t s i d e  where t h e  p r o p e l l a n t s  encountered a ho t  environment 
(ambient compared wi th  77 and 87'K). I t  was t h e r e f o r e  p o s t u l a t e d  t h a t  
from 77 t o  87°K dur ing  t h e  h i g h e r  t h r u s t  o p e r a t i o n  e i t h e r  of two f a c t o r s  
might predominate:  d i f f u s i o n  of O,F, from LOX occurred  to3 slowly t o  
provide m a t e r i a l  f o r  r e a c t i o n  i n  t h e  e n g i n e ;  or k i n e t i c a l l y  i t  was no t  
h o t  enough t o  break down t o  y i e l d  a n  a c t i v e  oxygen atom, which i s  con- 
jec tured  t o  be t h e  r e a c t i v e  i g n i t i o n  s p e c i e s .  I n  view o f  t h e  experimental  
evidence i n d i c a t i n g  no r e a c t i o n  between l i q u i d  hydrogen and LOX/O,F, 
obtained from t h e  sudden submersion tes ts  d e s c r i b e d  p r e v i o u s l y ,  i t  appears  
t h a t  the i g n i t i o n s  achieved with l o w  flolv rates i n  T e s t  S s r i e s  2 and 3 
were c o n t r a d i c t o r y  t o  t h e  h y p o t h e s i s  t h a t  t h e  r e a c t i o n  was k i n e t i c a l l y  
l i m i t e d  up t o  77'K. However, i t  appears  t h a t  i n  T e s t  S e r i e s  4 t h e  d a t a  
The c o r r e l a t i o n  between 
0 0  
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suppor t  t h i s  h y p o t h e s i s  and ex tend  t h e  temperature  t o  87'K. T h i s  anomaly 
could  be a t t r i b u t e d  t o  a number of causes .  Among t h e  m o r e  l i k e l y  reasons  
which are c o n s i s t e n t  with t h e  experimental  c o n d i t i o n s  e x i s t i n g  i n  t h e s e  
tests a r e :  
1. Higher h e a t  leakage c o n d i t i o n s  woJld e x i s t  a t  l o w  flow 
r a t e s ,  thereby  g i v i n g  rise t o  h i g h e r  r e a c t i o n  tempera- 
t u r e s  s i n c e  both  t h e  d e l i v e r e d  hydrogen and LOX should 
be h o t t e r .  
2 .  Valve leakage might be more c r i t i c a l .  a t  low flow r a t e s .  
A t  h igh  r a t e s  t h e  o v e r - a l l  e n t h a l p y  of t h e  e n t e r i n g  
m a t e r i a l  would be lower and t h e r e b y  c o o l  o f f  any leak-  
age m a t e r i a l  i n  t h e  chamber. T h i s  would be less a 
f a c t o r  a t  low flow r a t e s .  
3. The d e l i v e r e d  O,F, c o n c e n t r a t i o n  might be d i f f e r e n t  
even though t h e  mixing and d e l i v e r y  processes  t o  t h e  
f e e d  t a n k  were unchanged. Up u n t i l  t h e  l a s t  tes t  series 
no f a s t  f i e l d  tes t  method e x i s t e d  t o  ana lyze  t h e  O,F, 
c o n c e n t r a t i o n  a t  t h e  rocket  e n g i n e .  
4 .  Under t h e  h i g h e r  flow c o n d i t i o n s ,  a p p r e c i a b l y  more 
LOX/O,F, reached t h e  high temperature  environment out -  
s i d e  t h e  engine through t h e  nozz le  f a s t e r  t h a n  under 
low flow c o n d i t i o n s .  
The l a t t e r  cause f o r  t h e  apparent d i screpancy  is  more c o n s i s t e n t  
wi th  t h e  exper imenta l  observa t ion  t h a t  t h e  i g n i t i o n  times a r e  f o r  t h e  most 
p a r t  s h o r t e r  i n  T e s t  S e r i e s  4 t h a n  f o r  S e r i e s  2 and 3. 
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FIG. 11 IGNITION DELAYS INSIDE ENGINE AT LOW TEMPERATURE AND LOW FLOW RATES 
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FIG. 12 IGNITION OUTSIDE ENGINE AT LOW TEMPERATURE AND HIGH FLOW RATES 
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I n  T e s t  S e r i e s  6 and 7 ( F i g .  13) t h e  eng ine  envi ronmenta l  
temperature was decreased  i n  d i s c r e t e  s t e p s  from 290°K (ambient ba th )  t o  
245'K (Freon 12  b a t h ) ,  t o  190'K (dry  ice i n  t r i c h l o r o e t h y l e n e ) .  The 
s i n g l e  t r i p l e t  i n j e c t o r  was used i n  T e s t  S e r i e s  7 and t h e  v o r t e x  i n j e c t o r  
was used i n  T e s t  S e r i e s  6 .  The engine  s t a r t i n g  p r e s s u r e  was a l s o  v a r i e d  
i n  these  tests froin 14 .5  p s i a  down t o  0 . 1  p s i a .  The r o l e  t h a t  chamber 
temperature and ambient p re s su re  p l ay  i n  de te rmining  whether i g n i t i o n  i s  
s a t i s f a c t o r y  is not  capable  of q u a l i t a t i v e  assessment .  S t a t i s t i c a l l y  
i t  can be seen  t h a t  a l l  i g n i t i o n s  were i n s i d e  t h e  engine  a t  ambient temp- 
e ra ture .  As t h e  eng ine  tempera ture  was d e c r e a s e d ,  more e x t e r n a l  l i g h t -  
o f f s  occur red  a t  both atmospheric and reduced p r e s s u r e s .  I t  is  b e l i e v e d  
t h a t  t h i s  behavior  i n d i c a t e s  a k i n e t i c a l l y  l i m i t e d  s y s t e m  below 200'K f o r  
t h i s  exper imenta l  s e t u p ;  hogever ,  t h e  i n f l u e n c e  of tempera ture  and mixing 
on eddy d i f f u s i o n  might produce a s i m i l a r  e f f e c t ,  so t h i s  cannot be 
p o s i t i v e l y  e l imina ted  as t h e  main f a c t o r  which in f luenced  t h e  d e l a y s  
repDrted. 
b .  I n j e c t o r  In f luence  
I n j e c t o r  des ign  was suspec ted  of p l ay ing  a r o l e  i n  i g n i t i o n  
de lay  through i t s  c o n t r i b u t i o n  t o  mixing ene rgy .  The s i n g l e  t r i p l e t  
i n j e c t o r  g ives  a r a t h e r  coa r se  spray  which does not become f u l l y  developed 
u n t i l  i t  passes  a po in t  t h r e e  inches  from t h e  i n j e c t o r .  The vor tex  i n -  
j e c t o r  produces a f i n e  sp ray  which comes o f f  t h e  s p l a s h  p l a t e  a t  t h e  i n -  
j e c t o r  (see F i g .  5 ) .  
Both i n j e c t o r s  were f i r e d  wi th  an  eng ine  L* of 58.7.  Com- 
p a r a t i v e  d a t a  a r e  shown i n  F i g s .  14 and 15. For s t a r t s  a t  h igh  a l t i t u d e s  
t h e r e  appea r s  t o  be no d i f f e r e n c e  between t h e  v o r t e x  and t r i p l e t  i n j e c t o r s .  
With t h e  WX/LH, cryogenic  s y s t e m  t h i s  appea r s  l o g i c a l ,  s i n c e  t h e  d i f f e r -  
ences  i n  d r o p l e t  s i z e  produced by each and t h e  d i f f e r e n c e s  i n  mixing 
a c t i o n  might be r ep res sed  by t h e  h igh  r a t e  of v a p o r i z a t i o n  o c c u r r i n g  a s  
t h e  l i q u i d s  f l a s h  i n t o  t h e  e n g i n e .  A t  a tmospher ic  p r e s s u r e ,  however, i t  
would appear t h a t  t h e  s m a l l e r  d r o p l e t  s ize  and h i g h e r  mixing energy of 
t h e  vor tex  i n j e c t o r  g ive  s m a l l e r  i g n i t i o n  de lays  when compared t o  those  
g iven  by t h e  t r i p l e t  i n j e c t o r .  The t r i p l e t  i n j e c t o r  d a t a  a r e  coinposed 
of  i g n i t i o n  de lays  measured i n  chambers wi th  d i f f e r e n t  L*, f o r  r easons  
d iscussed  l a t e r ,  bu t  t h i s  v a r i a b l e  a p p a r e n t l y  i s  not  s i g n i f i c a n t .  
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The changeover from t h e  100-lb t o  300-lb s i n g l e  t r i p l e t  i n j e c t o r s  
between S e r i e s  3 and 4 r e s u l t e d  i n  moving t h e  p o i n t  of  i g n i t i o n  from in -  
s i d e  to  o u t s i d e  t h e  e n g i n e .  I t  i s  unknown whether  t h i s  e f f e c t  could  have 
been d e t e c t e d  at t empera tures  h i g h e r  t h a n  t h e  77-to-87'K engine  b a t h  
temperature  of t h e s e  ser ies .  
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d .  In f luence  of L* 
I n  S e r i e s  7 t h e  t r i p l e t  i n j e c t o r  was used with a n  engine  L* of 
26. The i g n i t i o n  d a t a  from t h e s e  tests are campared i n  F i g .  13 t o  S e r i e s  
5 and 8 where t h e  eng ine  L* was i n c r e a s e d  t o  5 8 . 7 .  A l l  of t h e  p l o t t e d  
po in t s  a r e  f o r  LOX l e a d s .  The hydrogen l e a d  d a t a  were not  c o r r e l a t e d  
because on hydrogen l e a d  the  i n j e c t o r  p o r t  c o i n c i d e s  a x i a l l y  wi th  t h e  
nozzle and a l l  l ead  material goes d i r e c t l y  o u t  t h e  nozz le .  T h i s  s t ream of 
two-phase l i q u i d  hydrogen was v i s u a l l y  observed on hydrogen l e a d s  through 
t h e  remote TV monitor.  S i m i l a r l y  when LOX w a s  t h e  l e a d  mater ia l  very  l i t t l e  
m a t e r i a l  w a s  observed t o  flow from t h e  n o z z l e ,  probably because t h e  spray  
from t h e  impinging streams was more uni formly  depos i t ed  upon t h e  motor 
chamber wal l s .  A s  a r e s u l t ,  t he  amount of  hydrogen t h a t  flowed i n t o  t h e  
engine and remained t h e r e  f o r  s u f f i c i e n t  time f o r  r e a c t i o n  cannot  be 
computed w i t h  reasonable  accuracy .  The r e s u l t s  appear  t o  i n d i c a t e  t h a t  
t h e  change i n  L* from 58 .7  t o  26 may not  have i n f l u e n c e d  t h e  i g n i t i o n  
de lay .  S t a t i s t i c a l l y  t h e r e  a r e  i n s u f f i c i e n t  test numbers t o  be a b s o l u t e l y  
p r e c i s e .  However, one anomaly which may i n  p a r t  c o n t r a d i c t  t h i s  i s  t h e  
f a c t  t h a t  t h e  c o r r e l a t i o n  l i n e  f o r  a tmospher ic  i g n i t i o n  d e l a y s  l i es  above 
t h a t  f o r  a l t i t u d e  i g n i t i o n s ,  which i s  t h e  o p p o s i t e  e f f e c t  shown by d a t a  
developed wi th  t h e  v o r t e x  i n j e c t o r .  Note t h a t  under both a tmospher ic  and 
a l t i t u d e  s t a r t s ,  d a t a  for each  engine  L* c o n f i g u r a t i o n  p l o t  w i t h i n  t h e  
s c a t t e r  of d a t a  from t h e  o t h e r .  On t h i s  b a s i s  it i s  u n l i k e l y  t h a t  t h e  L* 
change in f luenced  t h e  d e l a y s  s i g n i f i c a n t l y  e i t h e r  a t  a l t i t u d e  or a t  
atmospheric p r e s s u r e .  
e .  A l t i t u d e  I g n i t i o n s  wi th  the  Vortex I n j e c t o r  
I n  Tes t  S e r i e s  9 t h e  vo r t ex  i n j e c t o r  was used t o  a t tempt  a 
more d e f i n i t i v e  c o r r e l a t i o n  between a tmospher ic  and vacuum f i r i n g s .  
Tine engine  was main ta ined  a t  ambient t empera tu res  for t h e s e  tes ts .  The 
da ta  a r e  compared i n  F i g .  15 t o  those  of S e r i e s  6 which were most ly  
a l t i t u d e  i g n i t i o n s ,  whereas i n  S e r i e s  9 both ambient and a l t i t u d e  pres -  
s u r e s  were t r i e d .  A s  wi th  t h e  t r i p l e t  i n j e c t o r ,  t h e  e f f e c t  of O/F 
v a r i a t i o n  a t  a tmospher ic  p r e s s u r e  i s  not  as pronounced as a t  a l t i t u d e ,  
0 0  
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i . e . ,  i g n i t i o n  de lays  change less w i t h  change i n  p r e s s u r e .  However 
w i t h  t h e  v o r t e x  i n j e c t o r  t he  c o r r e l a t i o n  l i n e  l ies  below t h a t  f o r  a l t i -  
tude  i g n i t i o n s  and would i n d i c a t e  t h a t  t h e  atmospheric i g n i t i o n s  a r e  
f a s t e r ,  f o r  t h e  same O/F r a t i o ,  than  those  measured with t h e  t r i p l e t  
i n j e c t o r .  I t  w i l l  be observed t h a t  many o f  t h e  i g n i t i o n s  obta ined  us ing  
t h e  Vortex i g n i t e r  a t  ambient pressure  were s i g n i f i c a n t l y  f a s t e r  t h a n  
t h o s e  f o r  t h e  cor responding  O/F r a t i o  under a l t i t u d e  c o n d i t i o n s .  I t  
appea r s  t h a t ,  w i th  one impor tan t  excep t ion ,  t h e  ambient d a t a  can be 
c o r r e l a t e d  wi th  a l i n e  of lower s lope  t h a n  t h e  a l t i t u d e  d a t a .  The 
o u t l y i n g  d a t a  p o i n t  i n  q u e s t i o n  (O/F r a t i o  of 8.5) i f  examined by t h e  
Dixon o u t l y e r  c r i t e r i a  appears  t o  be excluded from t h e  d a t a  popula t ion  
by a p r o b a b i l i t y  of 98%. However, i f  t h i s  po in t  is  inc luded  i n  t h e  d a t a  
p o p u l a t i o n ,  no s a t i s f a c t o r y  c o r r e l a t i o n  c o e f f i c i e n t  can be o b t a i n e d .  
0 0  
f .  0,F2 Concent ra t ion  Level 
I n  T e s t  S e r i e s  9 the  planned experiment w a s  t o  change O/F by 
0 0  
0 0  
reducing  t h e  flow of hydrogen, thereby  i n c r e a s i n g  O/F upwards i n  the  20 
t o  30 r ange .  T h i s  r equ i r ed  an overnight shutdown t o  change c a v i t a t i n g  
v e n t u r i s  on t h e  hydrogen s i d e .  It  a l s o  n e c e s s i t a t e d  mixing a new t ank  
of LOX/O,Fz. When t h e  m e l t i n g  p o i n t  and c o l o r  c r i t e r i a  f o r  acceptance  
of each f l a s k  c o n t a i n i n g  03F, were app l i ed  on t h e  second d a y ' s  r u n ,  so 
many of t h e  e x t r a  samples d i d  not  melt t h a t  only h a l f  t h e  usua l  amount 
was judged t o  be of s a t i s f a c t o r y  q u a l i t y .  I n  a l l  o t h e r  r u n s ,  i nc lud ing  
the  p r i o r  d a y s '  f i r i n g s  on S e r i e s  9 ,  approximately twice  t h e  t h e o r e t i c a l  
amount t o  s a t u r a t e  t h e  LOX run  t ank  was added t o  t h e  mix t ank .  The two 
i n i t i a l  test runs  r e s u l t e d  i n  no i g n i t i o n  under c o n d i t i o n s  where i g n i t i o n  
would be p r e d i c t e d .  
ra tes  used t h e  p rev ious  day. 
t h e  i o n  gage i n s t r u m e n t a t i o n  i n d i c a t e d  t h a t  t h e  i g n i t i o n  was o u t s i d e .  
I t  was concluded t e n t a t i v e l y  t h a t  t h e  sma l l e r  amount of 0,F2 caused t h e  
i g n i t i o n s  t o  occur  o u t s i d e  t h e  engine  and hence t h e  r e s u l t i n g  d e l a y s  
d i d  not  c o r r e l a t e  wi th  O/F r e l a t i o n s h i p .  
The flow s e t u p  was t h e n  changed back t o  t h e  h i g h e r  
Although i g n i t i o n  d e l a y  d a t a  were o b t a i n e d ,  
0 0  
These d a t a  a r e  g iven  i n  F i g .  16.  
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Subsequent ly  two causes  f o r  t h e  i g n i t i o n s  o u t s i d e  t h e  engine  
were advanced. One p o s t u l a t e d  t h a t  t h e  s lower i g n i t i o n s  r e s u l t e d  from 
t h e  r educ t ion  i n  sp ray  d r o p l e t  s ize  and mixing a c t i o n  produced by 
decreas ing  t h e  hydrogen f low from 0.23 l b / s e c  t o  0.07 l b / s e c ;  t he  o t h e r ,  
t h a t  t h e  reduced amount of 0,F2 charged t o  t h e  mix tank  r e s u l t e d  i n  an  
i n s u f f i c i e n t  concen t r a t ion  be ing  d e l i v e r e d  t o  t h e  engine  t o  f u n c t i o n  a s  
a hype r g o l  . 
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Since  t h e  reduct ion  i n  t o t a l  flow from 1 . 0  l b / s e c  t o  0.77 l b /  
sec was so s l i g h t ,  and i g n i t i o n s  continued o u t s i d e  t h e  engine a f t e r  
changing back t o  t h e  h i g h e r  f l o w ,  it seemed d o u b t f u l  t h a t  t h e  i n j e c t o r  
s p r a y  e f f i c i e n c y  was s e r i o u s l y  impaired. However, i n  o r d e r  t o  r educe  
t h e  number of  p o s s i b l e  c a u s e s ,  a cryogenic  c o l d  flow tes t  was c a r r i e d  
o u t  under  i d e n t i c a l  environmental  condi t ions  a s  i n  Tes t  S e r i e s  9 ,  except  
t h a t  t h e  03F2 was not  mixed with LOX and t h e  engine was disassembled 
from t h e  i n j e c t o r  t o  a l low h igh  speed movies t o  be t a k e n  of t h e  spray  
p a t t e r n .  Analys is  of  t h e  r e s u l t s  from f l o w  tests a t  f u l l  and reduced 
f low i n d i c a t e d  t h a t  t h e  atomizing a c t i o n  of t h e  i n j e c t o r  had been i m -  
p a i r e d  by reducing t h e  hydrogen f low.  However, i t  was n o t  p o s s i b l e  t o  
d e f i n i t e l y  p inpoin t  t h i s  a s  t h e  cause of t a r d y  i g n i t i o n .  
The next  experiment proposed involved mixing an e x c e s s  amount 
of 0,F2 i n t o  LOX and sampling t h e  m a t e r i a l  a f t e r  i t  flowed through t h e  
l i n e s  and i n t o  t h e  engine under t h e  same exper imenta l  c o n d i t i o n s  a s  i n  
S e r i e s  9 .  
I n  o u r  experimental  runs  t h e  t o t a l  amount of LOX used i n  t h e  
mixing t a n k  was 37 l i t e r s .  To achieve s a t u r a t i o n ,  assuming no l o s s e s ,  
37 grams o f  03F2 was r e q u i r e d .  For  most i g n i t i o n  s t u d i e s  t h e  LC)X mixing 
t a n k  was charged wi th  an e x c e s s  of 0,F2 i n  o r d e r  t o  e n s u r e  s a t u r a t i o n  a t  
a LOX temperature  of 90'K. 
b e f o r e  charg ing  was v a r i a b l e  and between 60 and 80 cc of 0,F2 were u s u a l l y  
added t o  t h e  mix t ank .  S ince  t h e  d e n s i t y  of 03F2 i s  much g r e a t e r  t h a n  
LOX,  i t  was be l ieved  t h a t  t h e  e x c e s s  would s e t t l e  out  dur ing  t h e  15- 
minute per iod  of no a g i t a t i o n  which was s tandard  procedure on each tank  
mixed. 
The extef i t  of m e l t i n g  of t h e  f rozen  0,F2 
Expsriments were conducted t o  determine t h e  c o n c e n t r a t i o n  of 
03Fz i n  t h e  mixture  a f t e r  t r a n s f e r  through t h e  s y s t e m ,  i . e . ,  t o  determine 
what p o r t i o n  of  03F2 was lost  i n  t h e  t r a n s f e r  process .  T h e r e f o r e ,  e f f l u e n t  
mixtures  were assayed c o l o r i m e t r i c a l l y  a f t e r  be ing  processed through t h e  
m i x i n g - t r a n s f e r  cycle  used i n  t h e  i g n i t i o n  s t u d i e s .  
Two d i f f e r e n t  mix tures  were prepared f o r  a s s a y .  I n  t h e  f i r s t ,  
t h e  tank  of LOX conta ined  approximately 35 grams 03F2;  i n  t h e  second,  80 
grams . 
35 
Samples of each  mixture  were c o l l e c t e d  from t h e  i g n i t i o n  chamber 
i n  small  p r e c h i l l e d  dewar f l a s k s  t o  minimize e v a p o r a t i o n  of LOX. 
i s  not v o l a t i l e  a t  90'K.l TO prevent  LOX e v a p o r a t i o n  a t  t h e  exhaus t  
va lve ,  the  exhaus t  p re s su re  was main ta ined  a t  a tmospher ic  p r e s s u r e .  
Samples of known r e l a t i v e  c o n c e n t r a t i o n s  were a l s o  prepared  f o r  t h e s e  
t e s t s .  F igure  17 shows t h e  c o l o r i m e t r i c  a n a l y s i s  c a l i b r a t i o n  curve  
obta ined  from exper imenta l  d a t a ;  t h e  p h o t o c e l l  i n  t h e  co lo r ime te r  g i v e s  
a n  out  of ba lance  vol tage  which is  c o r r e l a t e d  wi th  O,F, c o n c e n t r a t i o n .  
(O,F, 
I n  t h e  flow tests us ing  a 35-gram charge of  O,F, i n  37 l i t e r s  
o f  LOX t h e  samples t aken  a t  t h e  engine  assayed  a t  60% of t h e  s a t u r a t i o n  
value r a t h e r  t han  a t  95% which was a n t i c i p a t e d  on t h e  b a s i s  of so lu -  
b i l i t y  d a t a .  For t h e  samples which flowed frorn t h e  tank  c o n t a i n i n g  80 
grams of  O,F,, t h e  a n a l y s i s  d a t a  i n d i c a t e d  g r e a t e r  t han  s a t u r a t i o n .  
Voltages i n  excess of 15 v o l t s  were recorded .  The samples examined were 
t u r b i d ,  t h u s  i n d i c a t i n g  t h a t  probably sone 0,F2 was be ing  d e l i v e r e d  a s  
a c o l l o i d a l  suspens ion  i n  a l l  of t h e  t e s t  series excep t  S e r i e s  9B where 
a reduced amount was charged t o  t h e  mix t a n k .  The a n a l y t i c a l  r e a d i n g  
obta ined  would be i n v a l i d a t e d  by l i g h t  s c a t t e r i n g  i n  t h e  t u r b i d  s o l u t i o n s .  
To confirm t h a t  suspended p a r t i c l e s  would produce t h i s  r e s u l t ,  
w e  prepared i n  t h e  l a b o r a t o r i e s  a s a t u r a t e d  s o l u t i o n  of LOX/O,F, a t  8 8 ? K .  
Th i s  tempera ture  was chosen t o  minimize bo i l -o f f  of LOX. T h i s  s o l u t i o n  
was assayed by t h e  c o l o r i m e t e r ;  t h e  c o n c e n t r a t i o n  was very n e a r  t h a t  
f o r  s a t u r a t i o n  a t  90°K. 
t o  77°K by immersing t h e  c o n t a i n e r  i n  l i q u i d  n i t r o g e n .  
became t u r b i d  and e x h i b i t e d  a marked Tyndal l  e f f e c t  when examined wi th  
a l i g h t  beam. The output  vo l t age  (used t o  determine c o n c e n t r a t i o n )  
from t h e  colorimeter was 19.5-20V dur ing  t h e  f i rs t  f i v e  minutes  a f t e r  
coo l ing  and dropped t o  1 5 V  a f t e r  10 n i n u t e s .  T h i s  va lue  w a s  w e l l  above 
t h a t  which would i n d i c a t e  s a t u r a t i o n  and a r o s e  from l i g h t  s c a t t e r i n g .  
It  was concluded t h a t :  
The c l e a r  s o l u t i o n  was t h e n  r a p i d l y  coDled 
The s o l u t i o n  
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1. 
2 .  
3. 
The nominal 10% excess of 03F, i n  t h e  mixing tank  
d e l i v e r e d  a s a t u r a t e d  s o l u t i o n  c o n t a i n i n g  a l s o  an 
e x c e s s  of c o l l o i d a l l y  suspended p a r t i c l e s  t o  t h e  
i g n i t i o n  t e s t  chamber. I t  should be noted t h a t  t r a n s f e r  
d u r i n g  mixing and d e l i v e r y  t o  t h e  t e s t  chamber involves  
t h e  a p p l i c a t i o n  of e l e v a t e d  p r e s s u r e s  and r a p i d  s o l u t i o n  
and p r e c i p i t a t i o n  can w e l l  e x p l a i n  t h e  u n d e s i r a b l e  
e x c e s s  o b t a i n e d .  
Over-al l  l o s s e s  during t r a n s f e r  may have been a s  high 
a s  40% of t h e  amount needed t o  s a t u r a t e  l i q u i d  oxygen 
a t  i t s  b o i l i n g  p o i n t .  These l o s s e s  may be a t t r i b u t e d  
i n  p a r t  t o  p a s s i v a t i o n  of t h e  tank w a l l s ,  r e a c t i o n  
wi th  implr i t ies  i n  the LOX, i m p u r i t i e s  i n  t h e  O,F,, 
or decomposition during t r a n s p o r t  through t h e  f low 
system. 
Although t h e  p r e c i s e  a n a l y t i c a l  amount of 03F2 i n  t h e  
LOX d e l i v e r e d  t o  t h e  engine was not  determined a t  t h e  
t i m e  of each  test  series because t h e  r e q u i r e d  t es t  
method was not  a v a i l a b l e  u n t i l  t h e  end of t h e  program, 
i t  is  cons idered  t h a t  t h e  use of e x c e s s  O,F,, to-  
g e t h e r  with consis tency of process ing  procedures  and 
t imes would i n s u r e  t h a t  t h e  same amount would be 
d e l i v e r e d  each t i m e .  I t  h a s  been c l e a r l y  shorvn t h a t  
t h e  d e l i v e r y  of less  than a s a t u r a t e d  s o l u t i o n  can 
be d e t r i m e n t a l  by causing i g n i t i o n s  o u t s i d e  t h e  engine .  
I n  S e r i e s  9 ,  l i q u i d  o x y g e d l i q u i d  hydrogen, a t t e m p t s  were made 
t o  measure both t h e  engine p r e s s u r e  and environmental  vacuum chamber 
p r e s s u r e  a t  i g n i t i o n .  During atmospheric p r e s s u r e  t e s t s ,  t h e  engine 
p r e s s u r e  i n c r e a s e d  f ro ln  approximately 1 4 . 5  t o  16-17 p s i a ,  i n d i c a t i n g  
a non-choked n o z z l s .  Under h igh  a l t i t u d e  c o n d i t i o n s ,  i . e ,  , vacuum 
p r e s s u r e  i n  t h e  dump tank less t h a n  2 . 5  p s i a ,  t h e  engine  p r e s s u r e  in -  
c r e a s e d  t o  about 1 5  p s i a  before  i g n i t i o n .  t h u s  i n d i c n t i n g  ?. rheke2- 
nozzle  c o n d i t i o n .  
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g .  Study of Gaseous Hydrogen Feed 
I n  T e s t  S e r i e s  10 gaseous hydrogen i n  t h e  range 140-19C)'K was 
used t o  s imula t e  t h e  RL-10 and 5-2 eng ine  s t a r t  c o n d i t i o n s .  The hydrogen 
was cooled from ambient tempera ture  gas by pass ing  it  through a 10- in  
d i a .  x 1 5  in - long  s t a i n l e s s  steel  t ank  immersed i n  l i q u i d  a rgon .  T h i s  
r equ i r ed  a v o r t e x  i n j e c t o r  redes igned  for gaseous f low.  Ambient eng ine  
tempera tures  were va r i ed  down t o  19D°K. Both ambient and vacuum s t a r t s  
were i n v e s t i g a t e d .  Again the  p r e s s u r e  measurements i n d i c a t e d  t h e  eng ine  
was choked under vacuum c o n d i t i o n s ,  bu t  it was not  choked under ambient 
pressure  s t a r t  c o n d i t i o n s .  Here our  O/F c o r r e l a t i o n  ( F i g .  18) produced 
a p o s i t i v e  s l o p e  f o r  vacuum s t a r t s ,  compared t o  t h e  nega t ive  s l o p e  
u s u a l l y  encountered and a l s o  observed i n  t h i s  series f o r  t h e  s e a - l e v e l  
pressure  tes ts .  
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The anomalous d a t a  c o r r e l a t i o n  observed f o r  t he  vacuum f i r i n g s  
i s  r e l a t e d  t o  t h e  f a c t  t h a t  t h e  p r e s s u r e  d rop  a c r o s s  t h e  i n j e c t o r  o r i f i c e s  
is used t o  c a l c u l a t e  t he  t o t a l  f low r a t e  under vacuum c o n d i t i o n s ;  where- 
a s  i n  t h e  l i q u i d  flow measurements t h e  c a v i t a t i n g  v e n t u r i  meter  was used 
t o  compute t o t a l  f low. S ince  t h e  flow rate  wi th  gas  flow under  a l t i t u d e  
cond i t ions  i s  dependent upon a c r o s s  t h e  i n j e c t o r  o r i f i c e s ,  t h e  longe r  
t h e  i g n i t i o n  d e l a y ,  t he  more gas  f lows  through t h e  i n j e c t o r ;  t h i s  r e s u l t s  
i n  t h e  O/F  s h i f t i n g  t o  a h i g h e r  va lue .  I n  p r i o r  tes ts  the  l i q u i d  flow rate 
was computed from t h e  upstream p r e s s u r e  o n l y ,  and t h e  downstream d e n s i t y  and 
was t h e r e f o r e  independent of AP a c r o s s  t h e  i n j e c t o r  o r i f i c e s .  (Consequently,  
a p lo t  of i g n i t i o n  de lay  a g a i n s t  O/F would be expec ted  t o  have a p o s i t i v e  
s lope .  The l i n e  i s  d o t t e d  t o  emphasize t h i s  expe r imen ta l  anomaly.) The r e a l  
f a c t o r  c o n t r o l l i n g  t h e  onse t  of i g n i t i o n  i n  t h e  vacuum tests u s i n g  
gaseous hydrogen cannot be a s c e r t a i n e d  from t h e  a v a i l a b l e  e x w r i m e n t a l  
d a t a .  C e r t a i n l y  the  i g n i t i o n s  occurred  i n s i d e  t h e  chamber a t  unexpect- 
e d l y  s h o r t  de l ay  t i m e s ;  t h i s  f avorab le  r e s u l t  may have ensued from t h e  
expanding supe r son ic  flow out  of t h e  i n j e c t o r  o r i f i c e s  and t h e  i n t e r -  
a c t i o n  of a s s o c i a t e d  downstream shocks wi th  t h e  LC)X/O,F, sp ray  o r  t h e  
increased  en tha lphy  c o n t r i b u t e d  by t h e  hydrogen f e e d  s t r eam.  The l a t t e r  
appears  more probable .  
0 0  
0 0  
The e f f e c t  of reducing  t h e  eng ine  tempera ture  t o  190°K u s i n g  
gaseous hydrogen i n  t h e  140 t o  190°K range was i n s i g n i f i c a n t ,  s i n c e  l i g h t -  
o f f  s t i l l  occurred  w i t h i n  t h e  engine  and t h e  d a t a  f e l l  w i t h i n  t h e  s c a t t e r  
of t h a t  from ambient tempera ture  t es t s .  Note t h a t  w i th  l i q u i d  hydrogen 
feed  wi th  t h e  engine  a t  193'K, i g n i t i o n  occur red  o u t s i d e  t h e  e n g i n e .  
An i n c r e a s e  i n  engine s t a r t i n g  p r e s s u r e  t o  1 4 . 5  p s i a  was inconc lus ive  
because o f  i n s u f f i c i e n t  d a t a .  
C .  D i scuss ion  of R e s u l t s  
1. I g n i t i o n  and Combustion Aspec ts  
W e  must f i r s t  c o n s i d e r  t h e  v a l i d i t y  of c o r r e l a t i n g  i g n i t i o n  d a t a  
0 0  
w i t h  t h e  t o t a l  m i x t u r e  r a t i o  O/F which r e p r e s e n t s  t h e  r a t i o  of mass i n -  
p l t s  t o  t h e  e n g i n e .  Two recen t  r e p o r t s  have i n d i c a t e d  t h a t  i g n i t i o n  
c h a r a c t e r i s t i c s  a r e  f u n c t i o n s  of t h e  mixture  r a t i o .  Marquardt' r e p o r t s  
' F e a s i b i l i t y  Study of Oxygen/Hydrogen Powdered Metal I g n i t i o n ,  Report  N o .  
25, 1 7 9 ,  NASA Cont rac t  N o .  NAS 8-11250, 16 Sept  . 1964 t o  15  S e p t .  , 1965,  
p. 20.  
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t h i s  phenomenon i n  i t s  f e a s i b i l i t y  s tudy of t h e  i g n i t i o n  of oxygen/ 
hydrogen w i t h  powdered m e t a l s .  P r a t t  & Whitney' r e p o r t e d  a s i m i l a r  
c o r r e l a t i o n  f o r  t h e  h y p e r g o l i c  i g n i t i o n  of l i g h t  hydrocarbon f u e l s  with 
FLOX m i x t u r e s .  
I n  t h e  former case  t h e  o b s e r v a t i o n  was q u a l i t a t i v e ;  for t h e  l a t t e r ,  
i g n i t i o n  d e l a y  was c o r r e l a t e d  w i t h  an equivalence r a t i o  def ined  a s  t h e  
s to i cho .ne t r i c  mixture  r a t i o  d i v i d e d  by t h e  mixture  r a t i o  a t  i g n i t i o n .  
The d e r i v a t i o n  of  theory  h a s  no t  been attempted nor  d i s c u s s e d .  The 
reason  is  obvious s i n c e  t h e r e  has  been so l i t t l e  work on t h e  develop- 
ment of t h e o r e t i c a l  models f o r  unsteady f low c o n d i t i o n s .  The l a c k  of 
a t h e o r e t i c a l  background, however, would n o t  preclude t h e  use of such 
c o r r e l a t i o n s  i f  exper imenta l ly  one can vary engine and o p e r a t i n g  para- 
meters and detect t h e  e f f e c t  of  t h e  change. 
I n  t h e  case  of H,/LOX:O,F, w e  have p o s t u l a t e d  t h a t  thermal  de- 
composi t ion of  O,F, produces a c t i v e  r a d i c a l s ,  [O], which i n i t i a t e  t h e  
hydrogen-oxygen c h a i n  r e a c t i o n .  I t  i s  thus reasonable  t h a t  t h e  onse t  
of i g n i t i o n  w i l l  be favored by a high c o n c e n t r a t i o n  of [O] which is  
a s s o c i a t e d  wi th  a high r e l a t i v e  c o n c e n t r a t i o n  of O,F,; t h i s  i n  t u r n  i s  
favored by a high O/F. 
Another  f a c t o r  i n  t h i s  s tudy  which, however, can be o i i iy  gaged i n  
a q u a l i t a t i v e  manner, i s  t h e  t r a n s f e r  of thermal  energy from t h e  u s u a l l y  
r e l a t i v e l y  warm combustor. Thus it was found t h a t  blow-back i g n i t i o n s  
occurred  when t h e  combustor was h e l d  a t  t empera tures  close t o  1OO'K; 
s i m i l a r l y  a l i q u i d  hydrogen l e a d  may be u n d e s i r a b l e  s i n c e  it would pre- 
c o o l  t h e  combustor and lower temperatures  would i n h i b i t  thermal  decom- 
p o s i t i o n  of  O,F,. 
6Hypergol ic  I g n i t i o n  of Light  Hydrocarbon F u e l s  wi th  Fluorine-Oxygen 
(FLOX) m i x t u r e s ,  Paper  presented  a t  Western S t a t e s  S e c t i o n .  The 
Conbust ion I n s t i t u t e ,  Santa  Barbara ,  C a l i f . ,  22-26 0-t .  1955 by S .  A .  
Mosier, R .  E .  Dotson and 0.  K .  Moehrbach. 
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While i t  i s  not  t o  be i n f e r r e d  t h a t  t h e  test r e su l t s  from t h e  smal l  
combustor used a r e  d i r e c t l y  s c a l a b l e  t o  l a r g e  rocke t  e n g i n e s ,  i t  i s  
p e r t i n e n t  t o  examine t h e  t r e n d s  o b t a i n e d .  F i r s t ,  a s  a r e s u l t  of t h e  
t e s t s  where t h e  engine  ambient tempera ture  was i n  t h e  range of 77 t o  
200'K, it i s  concluded t h a t  i g n i t i o n s  w i l l  o ccu r  o u t s i d e  t h e  eng ine  
whenever a l t i t u d e  i g n i t i o n s  a r e  a t t empted .  The e f f e c t  of eng ine  t h r u s t  
r a t i n g  upon t h i s  conclus ion  cannot be s t a t e d  p o s i t i v e l y  s i n c e  t h e  on ly  
t h r u s t  v a r i a b l e  was wi th  t h e  s i n g l e  t r i p l e t  i n j e c t o r  go ing  from 100 t o  
3001b t h r u s t .  
s a t i s f a c t o r y  hype rgo l i c  i g n i t i o n s  a t  a l t i t u d e  i f  gaseous hydrogen a t  
140'K upwards i s  used .  I g n i t i o n s  under t h e s e  c o n d i t i o n s  ranged froin 
10 through 80 m i l l i s e c o n d s  wi th  t h e  m a j o r i t y  be ing  under 40 .  I f  l i q u i d  
hydrogen f eed  t o  t h e  i n j e c t o r  i s  u s e d ,  on ly  engine  tempera tures  i n  t h e  
ambient r eg ion  w i l l  g ive  r e l i a b l e  i g n i t i o n s  a t  a l t i t u d e .  The r e a c t i o n  
appears t o  be k i n e t i c a l l y  l i m i t e d  below 230°K. 
Frorn 230'K to 293'K (ambient t e m p e r a t u r e s ) ,  O,F, g i v e s  
I n j e c t o r  des ign  i n f l u e n c e s  t h e  t i m e  t o  i g n i t i o n  a t  s e a  l e v e l  by 
changes i n  mixing energy and spray break-up. Unfo r tuna te ly  t h e s e  f a c t o r s  
a r e  in t ima te ly  concerned with combustion i n s t a b i l i t y  (See a n a l y s i s  i n  
Appendix A ) .  The v o r t e x  i n j e c t o r  w i t h  f u e l  e n t e r i n g  r a d i a l l y  and oxygen 
flowing a x i a l l y  appea r s  t o  be u n s t a b l e  i n  a sp inn ing  t a n g e n t i a l  mode. 
With UIX/hydrogep, t h e  combustion wave t r a v e l s  a t  t h e  de tona t ion  v e l o c i t y  
of about 2600 meters./sec. Changes i n  O/F r a t i o  w i l l  cause v e l o c i t i e s  
a s  high as 3000 me te r s / sec .  
I t  i s  s i g n i f i c a n t  t h a t  O,F, does not  i n h i b i t  combustion i n s t a b i l i t y .  
One of t h e  puzz l ing  aspects of our  exper iments  i s  t h e  predominance of 
higher-amplitude p res su re  o s c i l l a t i o n s  when LOX l e a d s  were employed. 
Most i n v e s t i g a t o r s  have r epor t ed  t h e  i n c r e a s e  i n  i g n i t i o n  d e l a y  
wi th  a l t i t u d e  of almost a l l  hype rgo l i c  p r o p e l l a n t  c o n b i n a t i o n s .  Hydrogen 
LLX/O,F, proved t o  be no e x c e p t i o n .  However, i t  appea r s  t h a t  c a r e f u l  
engine d e s i g n  combined wi th  O/F programaing can keep t h e  de lay  a t  a 
s a t i s f a c t o r y  l e v e l .  
I t  appears  t h a t  t h e  r e l a t i v e l y  long  d e l a y s  (10-80 m s )  may pose 
problems i n  smal l  i n p u l s e  b i t  d e v i c e s ;  i n  l a r g e  eng ines  t h e  apparent  
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d e t o n a t i o n  of accumulated unreac ted  p r o p e l l a n t s  may not  be accep tab le  
u n l e s s  a prechamber and p rope l l an t  f low programming a r e  u t i l i z e d .  
2 .  F a c t o r s  R e l a t i n g  t o  U s e  i n  Large Rocket Engines 
The c u r r e n t  program wi th  i t s  l a r g e  number of t e s t  series was 
s a t i s f a c t o r i l y  c a r r i e d  ou t  u s i n g  l i q u i d  hydrogen i n  combination wi th  an  
ox idan t  which was hype rgo l i c  with any combustible m a t e r i a l .  The success-  
f u l  u s e  of a f low f a c i l i t y  w i th  no major o p e r a t i o n a l  problems i n d i c a t e s  
t h a t  LOX/0,F2 imposes no more s e r i o u s  hardware problems t h a n  a s s o c i a t e d  
wi th  those  encountered  wi th  f l u o r i n e  . 
I t  does  no t  appear  t h a t  t h e  s t o r a g e  s t a b i l i t y  i s  completely adequate 
f o r  some purposes .  I n  p a r t i c u l a r ,  t h e  flow t e s t  s t u d i e s  show t h a t ,  i n  
mixing and t r a n s p o r t i n g  LOX/03F2, up t o  40% of a nominally s a t u r a t e d  
s o l u t i o n  may be l o s t .  I n  t h i s  s tudy  it was cons idered  t h a t  l o s s e s  i n  
0,F2 c o n t e n t  could  ar ise  from: (1) i m p u r i t i e s  i n  t h e  nea t  LOX, (2)  
v a r i a b l e  p u r i t y  of t h e  nea t  0,F2, and (3 )  i n t e r a c t i o n  wi th  t h e  flow 
f a c i l i t y .  
The approach t aken  t o  minimize these  l o s s e s  by mixing an obvious ly  
l a r g e  e x c e s s  of 0,F2 with t h e  LOX does not appear  d e s i r a b l e  f o r  l a r g e  
s c a l e  p r e p a r a t i o n  of LOX:03F2. 
The thermal  i n s t a b i l i t y  of O,Fz obvious ly  poses problems s i n c e  h e a t  
leakage  i n t o  c ryogenic  s t o r a g e  systems o f t e n  occur s  a t  p o i n t s  where 
c o r r o s i o n  must be minimized, a s ,  f o r  example, t h e  d i scha rge  p o r t s .  The 
requi rement  t h a t  c o l d  LOX/O,F, (-9O'K) would be i n j e c t e d  i n t o  t h e  coa- 
b u s t i o n  chamber w i l l  pose a d d i t i o n a l  problems i n  flow sys t em des ign  
s i n c e  i n a d v e r t e n t  d e l i v e r y  of a gaseous oxygen s l u g  could  cause a 
s y s t e m  ma l func t ion .  Excess ive ly  long  conplex chil l-down requi rements  i n  
s t o p - s t a r t  o p e r a t i o n  of any type  of engine w i l l  obvious ly  r e s u l t  i n  
weight p e n a l t i e s  and negate o t h e r  advantages of  hype rgo l i c  i g n i t i o n ,  
such a s  s i m p l i c i t y  and s h o r t  p r e p a r a t i o n  t i m e .  
Small a t t i t u d e  c o n t r o l  d e v i c e s  might be thought t o  be w e l l  s u i t e d  
t o  gaseous hydrogen/LOX:0,F2 o p e r a t i o n .  I t  appea r s  t h a t  t h e  thermal  i n -  
s z a b i i i t y  of u 3 k . 2  w i l l  be a problem i n  small Tlow l i n e s ;  t h u s  f l u o r i n e /  
hydrogen n i x t u r e s  which are h y p s r g o l i c  i n  t h e  gaseous form appear f a r  
more d e s i r a b l e .  
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Another po in t  t o  c o n s i d e r  i s  t h a t  h y p e r g o l i c i t y  may e l i m i n a t e  t h e  
b l a s t  hazard  r e s u l t i n g  from premixing and subsequent e x p l o s i o n  of f u e l  
and ox idan t .  I t  i s  c e r t a i n l y  t r u e  t h a t  IDX:03F2 can be of s e r v i c e  i n  
t h i s  manner but so e q u a l l y  can FIDX and nea t  f l u o r i n e .  
I n  d i s c u s s i n g  t h e  r e l a t i v e  merits of LOX:O,F,, FLOX, and f l u o r i n e ,  
it appears t h a t  t h e  m a t e r i a l  r e a c t i v i t y  problems a r e  t h e  same for a l l  
t h r e e .  However, i n  t h e  case  of IX)K:OJF~ t h e  low c o n c e n t r a t i o n  of 0,F2 
i n  s o l u t i o n  may be e l i m i n a t e d  completely by slow r e a c t i o n s  i n  s t o r a g e  
or t r a n s f e r .  The only advantages IDX:OjFz may have a r e  lower t o x i c i t y  
and perhaps lower c o s t .  Whether c o s t  i s  a f a c t o r  a w a i t s  a d e t a i l e d  
c o s t  a n a l y s i s  of 03F2 p r e p a r a t i o n ,  LOX:03F2 s o l u t i o n  mixing ,  l a r g e  s c a l e  
s to rage  s t u d i e s ,  and development of q u a l i t y  c o n t r o l  procedures .  
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v GENERAL CONCLUSIONS 
IDX:O,F, can be u t i l i z e d  t o  promote hype rgo l i c  i g n i t i o n  of l i q u i d  
hydrogen provided t h e  combustion chamber i s  a t  normal ambient tempera ture .  
When gaseous hydrogen i s  u s e d ,  s a t i s f a c t o r y  i g n i t i o n  times (10-80 m i l l i -  
seconds) can  be ob ta ined  a t  s e a  l e v e l  and h igh  a l t i t u d e  environments.  
I g n i t i o n  de lay  h a s  been found under most c o n d i t i o n s  t o  c o r r e l a t e  
wi th  i n t e g r a t e d  O/F r a t i o ,  i n  agreement,  but perhaps f o r  d i f f e r e n t  
r e a s o n s ,  w i t h  s t u d i e s  made on Hydrocarbon/FLOX hypergols  .6  
The s tudy  of eng inee r ing  c o n s i d e r a t i o n s  shows t h a t  LOX/O,F, , whi le  
comparable wi th  FLOX and f l u o r i n e  , has  an a d d i t i o n a l  problem a s s o c i a t e d  
with i ts  use s i n c e  0,F2 has  apprec i ab le  r a t e s  of decomposition a t  temper- 
a t u r e s  i n  e x c e s s  of 1 0 0 ' ~ .  
Froa t h e  o v e r - a l l  s t a n d p o i n t ,  i t  appears t h a t  IkXL:0,F2 does no t  
o f f e r  inany advantages over  LOX, FLCIX, o r  f l u o r i n e ;  t h e  compl ica t ions  
a s s o s i a t e d  with t h e  use of FLOX or f l u o r i n e  a r e  conbined with t h e  lower 
performance of LOX. A very c a r e f u l  system s tudy  of a l l  cand ida te  
i g n i t i o n  s y s t e m s ,  engine/flow sys t em des ign ,  and f a c t o r s  such as r e l i -  
a b i l i t y  and s t o r a g e  l i f e  needs t o  be made. This  p re sen t  s tudy  j u s t i f i e s  
c o n s i d e r a t i o n  of LOX:O,F, s i n c e  it has  shown t h a t  p r e d i c t a b l e  behavior  
can be ob ta ined  i f  g r e a t  c a r e  i s  e x e r c i s e d .  
Tne va luab le  d i s c u s s i o n s  wi th  Erwin Edelman and R i l e y  Miller of 
NASA, k w i s  Research C e n t e r ;  G. Dale Roach, former ly  of NASA; and 
H .  Bur l age ,  J e t  P r o p J l s i o n  Lsboratory (formerly of t h e  Advanced Research 
and Technology Off ice) , a r e  g r a t e f u l l y  acknowledged. 
The r e l evance  of c u r r e n t  model l ing  t h e o r i e s  t o  t r a n s i e n t  flow i n  t h e  
combustor was reviewed by G. A .  Marxman. 
APPENDIX A 
OCCURRENCE OF COiXBUSTION INSTABILITY 
No evidence  of combustion i n s t a b i l i t y  was noted with t h e  t r i p l e t  
and c o a x i a l  i n j e c t o r s .  In s t rumen ta t ion  i n  a l l  c a s e s  inc luded  K i s t l e r  
gages on engine  chamber and both i n j e c t o r  f eed  p o r t s .  The v o r t e x  
i n j e c t o r ,  however, a lmost  always caused i n s t a b i l i t y .  I n  F i g .  A-1 w e  
show t h e  o s c i l l o s c o p e  playback of a t y p i c a l  t e s t .  I t  was noted t h a t  i n -  
s t a b i l i t y  s t a r t s  a t  i g n i t i o n  and cont inues  through shutdown. The 
o s c i l l a t i o n s  a l s o  f eed  back t o  t h e  i n j e c t o r  p re s su re  gages ,  a l though 
not  i n  phase.  Cons idera t ion  of t h e  cyc le  t i m e  and engine  geometry in-  
d i c a t e  t h a t  t h e  i n s t a b i l i t y  i s  probably a sp inning  de tona t ion  wave 
t r a v e l i n g  a t  2640 meters/sec. 
500 p s e c / D I V -  
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FIG. A-1 COMBUSTION INSTABILITY FEEDBACK TO INJECTOR PRESSURES, 
LOX/O,F, LIQUID HYDROGEN ENGINE 
A - 1  
Since  w e  tes t  f i r e d  t h e  v o r t e x  i n j e c t o r  w i t h  both  l i q u i d  and gaseous  
hydrogen ( a f t e r  s u i t a b l e  m o d i f i c a t i o n s ) ,  i t  i s  of i n t e r e s t  t o  cornpare 
r e l a t i v e  s e v e r i t y  of  i n s t a b i l i t y .  I n  Table  A - I  w e  l i s t  t h e  r e s u l t s  f o r  
Tes t  S e r i e s  6 ,  9 ,  and 10 obta ined  f r o x  t h e  tape playbacks of t h e  K i s t l e r  
gage measuring t h e  chanber p r e s s u r e .  Peak-to-peak ampl i tudes  are l i s t e d  
for each run .  Note t h a t  f o r  some runs  t h e  i n s t a b i l i t y  as measured by 
t h e  amplitude o f  t h e  p re s su re  wave i s  very  l o w ,  5-10 p s i a  w i th  t h e  mean 
chamber p re s su re  i n  t h e  range of 100 p s i a .  However, t he  number of runs  
where l o w  ampli tude i n s t a b i l i t y  occur red  amounted t o  only  a few pe rcen t  
o f  the  t o t a l .  
The c o n s i d e r a t i o n  of whether  gaseous o r  l i q u i d  hydrogen f e e d s  i s  
more l i k e l y  t o  g ive  coabus t ion  i n s t a b i l i t y  can  on ly  be answered s t a t i s -  
t i c a l l y .  Gaseous hydrogen gave t h e  h i g h e s t  peak-to-peak ampli tude p res su re  
waves; bu t  i t  a l s o  r e s u l t e d  i n  a lower percentage  of low ampli tude f i r i n g s .  
Oxe of t h e  puzz l ing  a s p x t s  of t h i s  s tudy  was t h e  loa ampl i tud l  of most 
of t h e  waves gene ra t ed  with l i q u i d  hydrogen i n  T e s t  S e r i e s  9 where most 
peak-to peaks were 20 p s i a  or lower .  T h i s  was i n  c o n t r a s t  t o  Tes t  
S e r i e s  6 where most ampl i tudes  were g r e a t e r  t h a n  60 p s i a .  About t h e  
only v a r i a b l e  of s i g n i f i c a n c e  appears  t o  be whether  oxygen o r  hydrogen 
was l e d .  I n  g e n e r a l  LOX l e a d s  appeared t o  gene ra t e  more seve re  con- 
bus t ion  i n s t a b i l i t y .  Among t h e  v a r i a b l e s  which proved n o t  t o  he s i g n i f i -  
c a n t  were ambient p r e s s u r e ,  engine  envi rownenta l  ternperature  , i g n i t i o n  
d e l a y ,  and mixture  r a t i o .  
A- 2 
TABLE A-I 
PEAK-TO-PEAK AMPLITUDES OF COMBUSTION WAVES GENERATED 
WITH THE IMPINGING VORTEX INJECTOR 
a .  L i q u i d  H, 
ieries # 
6 
6 
6 
6 
6 
6 
6 
6 
6 
6 
6 
6 A v g .  
9A 
9A 
9A 
9A 
9.4 
9A 
9A 
9A 
9A 
9A 
9B 
9B 
9B 
9B 
9B 
9B 
9B 
9B 
9B 
9B 
9B 
rest # 
113 
114 
115 
116 
117 
118 
119 
120 
12 1 
122 
123 
-P 
- 
145 
146 
147 
148 
149 
150 
151 
152 
153 
154 
155 
156 
157 
158 
160 
161 
162 
163 
164 
165 
166 - 
P e a k - t o - p e a k  
P r e s s u r e ,  p s i a  
75 
105 
60 
75 
110 
120 
60 
60 
140 
105 
15 
84 
18 
15 
10 
10 
24 
12 
5 
15 
12 
75 
24 
12 
20 
20 
6 
18 
18 
10 
18 
40 
60 
21 
pc 
- 
105 
135 
180 
185 
215 
137 
130 
180 
205 
29 - 
- 
93 
95 
90 
86 
85 
100 
95 
100 
105 
105 
- 
130 
125 
118 
140 
137 
135 
138 
174 
170 - 
AP - 
pc - 
1.714 
,444 
,417 
.594 
,558 
,438 
.461 
.777 
.512 
,518 -
- 
1.194 
.158 
.lll 
.116 
,282 
.120 
-063 
.150 
.114 
.713 
- 
.154 
.160 
.051 
.128 
.131 
.074 
.131 
.230 
.353 -
T A ,  O K  
- 
- 
260 
273 
275 
270 
236 
23 0 
236 
237 
204 
271 
265 
269 
270 
262 
26 1 
262 
262 
261 
261 
285 
284 
274 
279 
276 
275 
272 
270 
270 
268 
268 
PA, p s i a  
14.3 
4.0 
1.7 
3.8 
7.9 
7.8 
0.4 
14.7 
7.9 
2.8 
0.1 
14.3 
14.3 
3.9 
1.5 
14.3 
14.3 
14.8 
15.0 
14.5 
15.4 
14.3 
14.3 
18.4 
2.5 
4.9 
6.8 
16.8 
16.4 
16.0 
17.9 
17.0 
7.5 
45 
140 
73 
6 
12 
13 
28 
14.5 
14 
- 
- 
88 
160 
160 
42 
37 
41 
40 
26 
37 
A- 3 
TABLE A - I  (continued) 
PEAK-TO-PEAK AMPLITUDES OF COMBUSTION WAVES GENERATED 
WITH THE IMPINGING VORTEX INJECTOR 
b .  G a s e o u s  H, 
10 
10 
10 
10 
10 
10 
10 
10 
10 
10 
10 
10 
10 
10 
10 
10 
10 
Avg 
173 
174 
175 
176 
177 
179 
180 
181 
182 
183 
184 
185 
186 
187 
188 
189 
190 
P - P  
130 
210 
140 
90 
85 
10 
15 
20 
60 
85 
115 
90 
20 
10 
35 
190 
60 
80 ps 
- 
150 
141 
132 
110 
117 
115 
115 
148 
115 
139 
145 
124 
126 
13 1 
139 
137 -
.866 
1.420 
1.060 
- 
.773 
,085 
.087 
.174 
.405 
.739 
.E27 
,621 
.161 
.079 
.267 
1.367 
.437 - 
273 
276 
275 
276 
285 
285 
2 85 
284 
298 
297 
2 97 
2 94 
290 
291 
212 
2 13 
213 - 
A- 4 
14.5 
14.5 
14.5 
14.5 
0.8 
0.8 
0.6 
0.7 
0.6 
1.4 
1.4 
3.5 
14.2 
0.7 
0.8 
0.8 
0.4 
2 
2 
8 
16 
23 
11 
11 
16 
32 
82 
43 
25 
9 
31 
25 
34 
36 
APPENDIX B 
ROCKET USE FACTORS -- LOX/O,F, 
I NTRODUCT ION 
The u s e  of t r i oxygen  d i f l u o r i d e  (ozone f l u o r i d e ,  O,Fa) i n  rocke t  
eng ines  poses  s e v e r a l  problems t o  t h e  eng inee r s  concerned wi th  i t s  
u t i 1 i z a t i o n . l  , a *  This  review d i s c u s s e s  gene ra l  problems, p r e p a r a t i o n  
and mixing ,  and use  of t h e  l i q u i d  oxygen s o l u t i o n  of O,F, (LOX/O,F,). 
BACKGROUND 
The u t i l i z a t i o n  of l i q u i d  oxygen con ta in ing  a s m a l l  a d d i t i o n  of 
t r i oxygen  d i f l u o r i d e  as a hype rgo l i c  oxidant f o r  l i q u i d  hydrogen-fueled 
r o c k e t  eng ines  is dependent t o  a major degree on the  s t a b i l i t y ,  under 
o p e r a t i o n  c o n d i t i o n s ,  o f  t h e  0,F2. I t  has been shown i n  p rev ious  
s t u d i e s  t h a t  O,Fa s o l u t i o n  can be s a t i s f a c t o r i l y  handled i n  l a r g e  quan- 
t i t ies  a t  or nea r  t h e  b o i l i n g  p o i n t  of oxygen. 
Problems i n  t h e  hand l ing  of LOX/03F2 arise because i t  i s  an  a c t i v e  
f l u o r i n a t i n g  agent which is both thermal ly  and photochemically u n s t a b l e .  
The re fo re  equipment used wi th  LOX/03Fz or n e a t  03F2 must be p a s s i v a t e d  
w i t h  gaseous f l u o r i n e .  While t a n k s ,  l i n e s ,  and v a l v e s  of a p p r o p r i a t e  
materials can be s u c c e s s f u l l y  used wi th  LOX/03F2, i nc reased  care i s  
necessa ry  d u r i n g  s ta r t  up or shu t  down of a f a c i l i t y  f o r  t e s t i n g  of a 
combustor or eng ine .  Th i s  is because t h e  poor thermal i n s t a b i l i t y  of 
03Fa 
These a t t a c k  most materials used i n  t h e  flow l i n e s ,  even  those  p a s s i v a t e d  
i n  advance. To o b v i a t e  t h i s  p o s s i b i l i t y  of c o r r o s i o n ,  i t  i s  necessary  
t o  e n s u r e  t h a t  s y s t e m s  are c h i l l e d  thoroughly wi th  l i q u i d  oxygen (LOX) 
or l i q u i d  n i t r o g e n  (I,%) p r i o r  t o  a r u n .  On shutdown i t  is  d e s i r a b l e  
t h a t  t h e  system be purged wi th  n e a t  LOX and completely s e a l e d  from mois tu re .  
0 above 110 K r e s u l t s  i n  t h e  format ion  of a c t i v e ,  o x i d i z i n g  s p e c i e s .  
* 
S u p e r s c r i p t s  i n  Appendix B r e f e r  t o  r e f e r e n c e s  a t  t h e  end of Appendix B. 
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PREPARATION AND HANDLING OF NEAT 03F2 
Svnthes i  s 
Most syn theses  of 0,F2 are performed i n  some m o d i f i c a t i o n  of t h e  
r e a c t o r s  shown i n  F ig .  B-1. These are cooled by LOX or LN2 and u t i l i z e  
h igh  v o l t a g e  (2,000-10,000 V ,  20-40 m i l l i a m p s ) ,  d i scha rge  t u b e s  w i t h  
metal e l e c t r o d e s  of copper ,  aluminum, e tc .  Premixed r e a c t a n t ,  60% 0,, 
40% F2, is  s u p p l i e d  t o  t h e  r e a c t o r s  as r e q u i r e d  t o  ma in ta in  t h e  p r e s s u r e  
a t  5-30 mm Hg. The 03F2 c o l l e c t s  as a s o l i d  (below 83 K) or l i q u i d  
on the  w a l l s  o f  t h e  r e a c t o r .  Most s i n g l e  r e a c t o r s  ( F i g s .  B-1, a-d) 
produce only a few cc 's  p e r  hour ,  and u s u a l l y  produce some material  
which does not m e l t  a t  t h e  me l t ing  p o i n t  of 03F2. Banks of s i n g l e  
r e a c t o r s  and m u l t i p l e  r e a c t o r s  ( F i g .  B-1 ,  e )  a r e  u t i l i z e d  f o r  p r e p a r i n g  
l a r g e  q u a n t i t i e s  of 03F2. Spark d ischarge8  and u l t r a v i o l e t  l i g h t 3  y 9  
0 
s y n t h e s i s  methods have a l s o  been r e p o r t e d .  
E f f i c i e n t  product ion  seems t o  depend upon proper  ba l anc ing  of 
h e a t  t r a n s f e r  c h a r a c t e r i s t i c s  t o  produce and condense O,F, b e f o r e  
decomposition. For l a r g e  sample p r e p a r a t i o n s ,  removal of  O,F, 
from t h e  r e a c t o r  zone i s  e s s e n t i a l  and is  accomplished by o p e r a t i n g  
above t h e  m e l t i n g  p o i n t ,  83 K ,  e i t h e r  i n t e r m i t t e n t l y  or con t inuous ly .  
Severa l  pounds of OsF2 have been prepared  a t  both  77 K and 90 K 
u t i l i z i n g  a bank of f o u r  s i n g l e  r e a c t o r s  ( c f .  Kirshenbaum and Grosse4 ) .  
0 
0 0 
0 
The r e a c t o r s  w e r e  ope ra t ed  a t  77 f o r  about 34 hours  a t  which 
t i m e  t h e  LN, b a t h s  were rep laced  wi th  LOX f o r  5-10 minutes .  T h i s  
allowed t h e  O,F, t o  m e l t  and d r a i n  from t h e  r e a c t o r  zone. (Longer 
o p e r a t i o n  wi thout  03F2 removal d e c r e a s e s  r e a c t i o n  r a t e . )  Next t h e  
LN, ba ths  w e r e  r e t u r n e d  t o  t h e  system and ano the r  c y c l e  completed. 
T h i s  o p e r a t i o n  could  be improved by u s i n g  a p r e s s u r i z a b l e  D e w a r  f l a s k .  
By c o n t r o l l i n g  t h e  p r e s s u r e  (and t h e r e f o r e  t h e  tempera ture)  of t h e  LN2 
b a t h ,  03F2 can  be  melted from t h e  r e a c t o r  w a l l s  wi thout  d i s m a n t l i n g  
t h e  coolant ba th  ( t h e  vapor  p r e s s u r e  of n i t r o g e n  i s  2 a t m  a t  83 K). 
LN2 ba ths  a l s o  prec lude  leakage  of 0, i n t o  t h e  r e a c t o r  which could  
produce ozone. 
0 
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FIG. B-1 (a) APPARATUS FOR SYNTHESIS OF o,F,: AOYAMA AND SAKURABA (Ref. 3) 
(b) .A.PP.A.R.A.T!JS FOR Z Y N T H E q l S  O F  0;F;: KIRSHFNBAUM AND GROSSE (Ref. 4) 
(c) U-TUBE O,F, REACTOR: MAGUIRE (Ref. 5) 
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L E N G T H  OF 1 
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FIG. B-1 Concluded 
RA-3652- 5 
( e )  
(d) U-TUBE O,F, REACTOR: STRENG AND GROSSE (Ref.6) 
(e) MULTIPLE REACTOR (Ref. 7) 
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I n  a d d i t i o n  t o  O,F,, some 0,F2 ( s o l i d  a t  90°K) i s  a l s o  produced 
and must be e l i m i n a t e d .  T h i s  i s  done with a removable b a l l  va lve  
i n s e r t e d  between the  f i l l e d  r e c e i v e r s  and t h e  upper r e a c t o r  w a l l s .  
The r e c e i v e r s  are kept  below 90 K wh i l e  t h e  p o r t i o n  of t h e  r e a c t o r  
above t h e  b a l l  va lve  i s  warmed. Residual matter on t h e  w a l l  decomposes 
and t h e  r e s u l t a n t  gases  are pumped away. The r e c e i v e r s  are then  
removed e i t h e r  by warming t h e  Kel-F l u b r i c a t e d  s t a n d a r d  t a p e r  j o i n t s  
t o  room tempera ture  or by s e a l i n g  t h e  r e c e i v e r  necks w e l l  above t h e  
f l u i d  l e v e l  w i t h  a n  oxygen t o r c h .  Standard t a p e r  r e c e i v e r s  are s e a l e d  
w i t h  Kel-F grease  c o n t a i n i n g  a l i t t l e  Kel-F o i l  t o  lower t h e  v i s c o s i t y .  
A s  soon as p r a c t i c a l  t h e  s e a l e d  sample c o n t a i n e r s  are c h i l l e d  t o  77 
f o r  s t o r a g e .  
0 
0 
P h y s i c a l  P r o p e r t i e s  
Most of t h e  phys ica l  p r o p e r t i e s  of O,F, have been determined by 
t h e  Research I n s t i t u t e  of Temple Un ive r s i ty .  P e r t i n e n t  d a t a  taken  
from a review a r t ic le lo  a r e  l i s t e d  i n  Table B-I .  
Chemical ProDert ies 
Trioxygen d i f l u o r i d e  i s  r epor t ed lo  t o  be more r e a c t i v e  t h a n  F,, 
OF,, or mix tu res  of 0, and F,. L iquid  03F2 can i n i t i a t e  r e a c t i o n s ,  
sometimes of e x p l o s i v e  v i o l e n c e ,  w i th  a wide v a r i e t y  of f u e l s  a t  90  K.  
The d i l u t e  s o l u t i o n  of LOX-O,F, c a n  produce similar r e s u l t s .  
l ist  of  materials t r e a t e d  w i t h  O,F, and t h e  observed r e s u l t s  are shown 
i n  Table  B-I1 t aken  from Reference 2 .  
0 
A p a r t i a l  
R e s u l t s  of open cup i g n i t i o n  t e s t s "  w i t h  03F2 LOX(0.05% 03F2) 
wi th  v a r i o u s  f u e l s  are shown i n  Table  B - 1 1 1 .  I g n i t i o n  of e t h y l  a l c o h o l ,  
J P 4 ,  U-DETA, hydrogen gas (below 90  K ) ,  and propane has  been 
r e p o r t e d  i n  sma l l  rocke t  engine  tests (20-pound t h r u s t  l e v e l ) . "  Other 
tests w i t h  500-pound t h r u s t  l e v e l  engines have demonstrated i g n i t i o n  
of hydrogen17 j 7  u s i n g  f u l l y  s a t u r a t e d  LOX-O,F, s o l u t i o n .  
0 
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TABU3 B-I 
PHYSICAL AND PHYSICOCHEMICAL P R O P E R T I E S  O F  TRIOXYGEN DIFLUORIUE 
Prowe r t i e  s Ref.  
Appearance  
Dark r e d  l iqu id  a t  84OK. Reddish  
brown so l id  below 83OK. 
86 .000  
Mole c 11 la  r weight  
Melting point 
Boi l ins  point 
Vapor p r e s s u r e a  
log Pi,,,. = 6. 1343 - 675. 5 7 / T  
(over  the t e m o .  r a n g e  of 79  10 114OK. ) 
8 3 - 8 4 O K . ,  -189 t o  - 190OC. (11 )  
213OK., - 60°C. dec .  ( 1 1 )  
P = 0. 010 mm.  a t  8:. 052OK. 
0. 100 94.693OK. 
I .  00 110. 130'K. 
10 .00  1 3  1.580OK. 
Densi tyh 
Liqiiid, d = 2. 357 - 0.  0 0 6 7 6 1  g .  / C C .  
I .  573  g. / c c .  a t  1 I6'K. 
1 .749 g. / c c .  a t  90°K. 
1.895 g .  / c c .  a t  in. p. 
Mala r 1.01 ii ni c. 
49, 3 c c .  / m o l e  at  90. 3OK. 
.Activation energ!  of t h e r m a l  
decomposi t ion  
3.: kca l .  / t i iole  
Ra te  of t h e r m a l  deconipos i t ion  
3.6 s IO-'ihr. at 7 7 .  3'K. 
6 . 2  \ 1 0 - 5 / h r .  a t  77.8%. 
8. 3 1 10-5/hr .  a t  7 '1 .  4OK. 
1.6 s 10-3/11r. a t  80.6"K. 
7 .2  x 1 0 - 2 / h r .  at 113 .  8OK. 
Yl,ap. = 4. 581 f 0. 200 kca l .  / i n o l e ,  
Heat of v a p o r i z a t i o n  
at I21OK. 
Ent ropy  of v a p o r i z a t i o n  
( T rout  on s c on s t a lit ) 
LI. 5 1 cal /"K.  m o l e  . ~. 
Hildebrand ' s  so lubi l i ty  p a r a m e t e r  a t  b. p .  
6 .66  (ca l .  / c c ) ' l 2  ( 1 0 . 7 ,  a t  9OOK.) 
Heat of f o r m a t i o n  ( f r o m  the c-lemei-its) 
6. 24 i 0 . 7 5  kca l .  / m o l e  ( 12)  
( 1 0 )  DPs:i:?:bFe a t  0 . 1  t o  1.5 mni  
(90-  1140K.)  with s l igh t  deconipiisition 
P a r a m a g n e t i c  "in l iquid F r c o n "  (15) 
0 3 F 2  l i i ixes  l iornogeneously wi th :  (10)  
?Aixes homogeneous ly  u i t h  O j  a t  ')(]OK. ( 1 0 )  
a t  90'K. tlic m i x t u r e  e x -  
plodes  r e a d i l y  
0 3  
OF2 116 
O2F2 116 
NO2F 116 
CClzF2 116 
CClF3 116 
ClO3F 127 
F o r m  s two p r a c t i c a 1 I y i n s  o I ub 1 e ( 1 0 )  
l a y e r s  wi th :  
a t  77'K. 
77 
90 
90 CIF 
ClF 3 90 
CF4 90 
N2 
F 2  
N F 3  
~- - 
P r o w e r t i e s  Ref .  
P a r t i a l l y  soluble i n  CC12F2,  CC1F3, a n d  ( 1 0 )  
C F ,  a t  90OK. 
Heat  of deco 'hoos i t ion  
F o r  t h e  r e a c t i o n :  
03F21iq.-' 1 . 5 0 2  as  + F L g J S I  at  121°K., 
AE = -2160 f 850 c a l .  /Inole 
F o r  t h e  r e a c t i o n :  
03FZgas+ 1 . 5 0 2 ~ , , t  ~ 2 ~ ~ ~ .  at I L I O K . ,  
AE = -6500 450 c s l .  / m o l e  
F o r  t h e  r e a c t i o n :  
+ I .  502 + a t  298OK., 
03F2gas gas 
AE = -7130 f 750 ca l .  / i n o l e  
Bond e n e r g y  
Eo-o = 61. 1 kcal .  /bond 
Spec i f ic  hea t  
Gas, at 121°K., 
C, = 16 f 1. 5 cci1. /iiiolv Ok. ( e s t d . )  ( 1 , )  
Mol,i r cxt i n c t  i on c ocf I ic i t ' n t '  
18. 76 ( 3 5 0 )  
17 .  6 1  ( 3 6 5 )  
16. '15 (400)  
17. 2 8  (420)  
17. 2 8  ( 4 3 0 )  
15. L I (450)  
13. 26 (470)  
1 3 . 0 4  (480)  
1 1 .  96 (500)  
5.48 (540)  
I .  98  ( 5 8 0 )  
0 .  I L  ( 6 0 0 )  
0. 12 (625)  
0. I2 (650)  
0. 12 (675)  
0. 00 (700)  
10.5') (380)  ( 1 3 ) (  1-1) 
0. IL (750)  
Solubi l i ty  in L O X  
0. I 1  wt. 46 90OK 
0 .045  77 
0.  188 102 
0 . 0 9 5  90 
0 . 0 0 6 2  77 
S u r f a c e  T e n s i o n  ca. 41) d v n e s / c m  (15) 
V i s c o s i t y  ca .  200 cent ipois t ' s  ( 1 6 )  
Light  - s  ens i t  i v e  ( 4 ) ( 9 ) ( 1 7 )  
( 1 0 )  
Does not d e t o n a t e  when ini t ia ted with 
T e t r y l  o r  i n  p r e s e n c e  of 
s p a r k  ( 1 )  
aThis  equat ion  w a s  d e r i v e d  f r o m  t h e  experimental d a t a .  
I> 
' In the v i s i b l e  r a n g e  f o r  l iquid O3F2 d i s s o l v e d  i n  a n l i s t u r r  ol 2 3 %  ( L y  volume) of F r e o n  12 i 77", 
rile equat ion  g iven  in the  o r i g i n a l  work 
diid qiioied in  o t h e r  publ ic t i t ions is In e r r o r .  
P r elr in ina r y d a t s  . 
F r e o n  13, i n  c m .  - I  I n o l e - ]  (mp).  
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TABLE B-I1 
CHEMICAL REACTIVITY OF O,Fz (Ref.  2 )  
Mate r i a 1  
a anhydrous ammonia 
a 
l i q u i d  methane 
a s o l i d  hydraz ine  
a 
red phosphorous,  powder 
wood c h a r c o a l ,  powder 
a 
a 
s u l f u r ,  powder 
a s o l i d  e t h y l  a l c o h o l  
a 
s o l i d  brcmine 
a s o l i d  i o d i n e  
powdered T e t r y l  
s o l i d  N02F -- 90°K 
s o l i d  ClF, -- 90°K 
C1F -- 90°K 
F a  -- 77'K under e l e c t r i c a l  
b 
d i s c ha r g e  
R e s u l t s  
ins tan taneous  yellow-white flame 
accompanied by mild e x p l o s i o n s  
loud ,  s h a r p ,  powerful e x p l o s i o n ;  
destroyed equipment 
loud ,  s h a r p ,  powerful e x p l o s i o n  ; 
destroyed equipment 
m i l d  e x p l o s i o n ,  b r i g h t  white  flame 
i n s t a n t  yel low flame ; a s  temperature  
r o s e ,  mixture  exploded 
i n s t a n t  blue f lame,  t h e n  t u r n e d  
white wi th  mild explos ion  
no r e a c t i o n  u n t i l  warmed, t h e n  blue-  
white flame accompanied by mild 
explos ion  
white f l a s h ,  t h e n  mild e x p l o s i o n  
white f l a s h ,  then  mild e x p l o s i o n  
e x p l o s i o n ,  r e f .  7 
no r e a c t i o n  
no r e a c t i o n  
sparks  
02F,,  rz f .  10 
a One d r o p  of pure 03F2 added t o  approximately 1 t o  3 gm of each of t h e  
s u b s t a n c e s  a t  90°K produced t h e  r e s u l t s  i n d i c a t e d .  
b T e t r y l  lowered i n t o  O,F, l i q u i d  a t  90°K 
TABLE B - I 1 1  
OPEN CUP TESTS OF 0.05% O,F, WITH VARIOUS FUELS (Ref.  2 )  
Fue 1 
JP-4 
JP-4 
U-DETA 
UDMH 
50% (by v o l . )  UDMH i n  JP-4 
10% (bv v o l . )  UDMH i n  JP-4 
5% (by v o l . )  UDMH i n  JP-4 
1% (by v o l . )  UDMH i n  JP-4 
Fuel  Oxidizer  
5 
5 
5 
Re a c t i o n  
Time 
(sec)  
Remarks 
3 . 4  
12.4 
0 
0 
0 
0 
0 
0 
f i r e  
e x p l o s i o n  
i n s t a n t a n e o u s  i g n i t i o n  
i n s t a n t a n e o u s  i g n i t i o n  
i n s t a n t a n e o u s  i g n i t i o n  
i n s t a n t a n e o u s  i g n i t i o n  
i n s t a n t a n e o u s  i g n i t i o n  
i n s t a n t a n e o u s  i g n i t i o n  
B-7 
I g n i t i o n  of hydrogen under a v a r i e t y  of c o n d i t i o n s  has  been 
demonstrated.17 97 ' lo 
03F2 and i t s  decomposition p roduc t ,  &F2, react v i o l e n t l y  when 
poured on w a r m  water  or mois t  e a r t h  a t  ambient tempera ture .  
D e t o n a b i l i t y  
Neat 03F2 does no t  d e t o n a t e  i n  an open cup 13 inches  I D  x 6 i nches  
long  when sub jec t ed  t o  s t r o n g  shock w i t h  a t e t r y l  b o o s t e r . 7  
S torage  
Neat O3F2 can be conven ien t ly  s t o r e d  i n  l i q u i d  n i t r o g e n  cooled  
r e f r i g e r a t o r s  (Linde LNR-25 can  be used  f o r  s t o r a g e  of a few pounds of 
03Fz). 
LOX SOLUTIONS--COMPATIBILITY AND STORABILITY 
I n  g e n e r a l ,  03F2 is  compat ib le  wi th  m a t e r i a l s  which a r e  no t  des t royed  
by l i q u i d  or gaseous f l u o r i n e .  A p a r t i a l  l i s t  of materials t r e a t e d  wi th  
a LOX s o l u t i o n  c o n t a i n i n g  0.05% 03F2 (by weight) i s  reproduced i n  
Table B-IV ( r e f e r e n c e  2 ) .  
* 
03F2 is  s o l u b l e  i n  LOX t o  about 0.1% a t  90°K and much less a t  7 p K .  
These s o l u t i o n s  a r e  p a l e  yellow when f r e s h l y  prepared  and r e t u r n  t o  t h e  
normal b lue  c o l o r  of LOX a s  t h e  03F2 decomposes. Samples have been s t o r e d  
a t  770K and a t  90'K. 
a f t e r  s i x  months. 
mately one month. (The normal p a l e  yellow s o l u t i o n  had r e t u r n e d  t o  a 
b lue  LOX c o l o r . )  
The s o l u t i o n s  s t o r e d  a t  770K w e r e  s t i l l  p a l e  yellow 
The s h e l f  l i f e  of t hose  s t o r e d  a t  90°K w a s  approxi- 
* 
K i r s h e n b a d  r epor t ed  0.045% by weight when a s o l u t i o n  i s  prepared  a t  
90°K and c h i l l e d  t o  7 p K .  
I n s t i t u t e  i n d i c a t e s  t h a t  t h e  f i g u r e  i s  much less (see Table  B-I) when 
t h e  m a t e r i a l  is s a t u r a t e d  a t  7 p K .  
S o l u b i l i t y  de t e rmina t ion  a t  S t an fo rd  Research 
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TABLE B-IV 
COMPATIBILITY TESTS O F  ENGINEERING MATERIALS WITH 
0 . 0 5 %  03F2 (BY WEIGHT) SOLUTION IN LIQUID OXYGEN 
Mat e r i a l  s Results 
Metals 
a No appreciable  reaction 
No appreciable  reaction; sur face  
pitted on continued exposure 
No appreciable  react ion 
Stainless  s t ee l  No. 
303b 
303 
3 16 
32 1 
3 47 
Aluminum 
Copper 
B r a s s  
Stainless  s t ee l  carpenter  20 cb 
Titanium alloy (3- 120 -V CAC 
Magnesium-lithium (14. 1% 
Magnesium-thorium alloy XK31 
Ke l -F  e las tomer  (plasticized) 
Allpax 500 
Allpax 500 (fluorolube T-80 
t r e a t  e d) 
Teflon 
J M  76 
DurGid 3400' 
Polyethylene film 
Lubricants  and sealants  
Fluorolube T-80, (T-45) 
Halocarbon, s e r i e s  11 - 14 
) alloyC 
Packing ma te r i a l s  
Delayed (50 sec .  ) slight react ion 
No appreciable  reaction 
Delayed (60 sec.  ) ignition 
No appreciable  reaction 
Delayed (50 sec .  ) slight react ion 
J M  "L - Flo" 
Ke l -F  oil, Alkane No. 464 
Molfiot e Zt tb  
Oxylube 70ZbJ 
Delayed (50 sec .  ) slight react ion 
} No appreciable  react ion 
A R - l F ,  LOX lube Delayed (50 sec .  ) slight react ion 
a No appreciable  reaction indicates no f i r e ,  f lame,  or  other visible 
evidence of reaction. 
being i m m e r s e d  in 0. 10% of 03F2-O 
liquid nitrogen f o r  a specified t ime ,  $hen allowed to warm up and the 
solution evaporated.  
reac t .  The residue indicated a possible react ion,  although no obvious 
react ion took place during evaporation of solutions.  
bThese samples  were  tes ted  additionally by 
solution, which was cooled with 
These samples  again showed no tendency to  
C 
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RECOMMENDED HANDLING PROCEDURES 
General 
S ince  03F2 i s  a c ryogenic  h i g h  energy o x i d i z e r  capab le  of i g n i t i n g  
almost any f u e l  and i s  s e n s i t i v e  t o  l i g h t ,  s p e c i a l  handl ing  t echn iques  
must be employed. Although O3F2 1s prepared  i n  an e l e c t r i c a l  d i s c h a r g e  
which produces cons ide rab le  l i g h t ,  p r e p a r a t i o n ,  hand l ing ,  and s t o r a g e  i n  
darkness  i s  p r e f e r r e d  s i n c e  i t s  s e n s i t i v i t y  t o  l i g h t  has been demonst ra ted .  
T rans fe r s  should be made i n  a c l e a n  d r y  atmosphere because ice  and conden- 
s a b l e  f u e l s  d e p o s i t  d i r e c t l y  on t h e  s u r f a c e  of t h e  c h i l l e d  l i q u i d  and 
c o n t a i n e r  w a l l s .  Dry boxes or deep Dewar f l a s k s  have been used success-  
f u l l y  f o r  t r a n s f e r s  . 
A l l  equipment (metals, e t c . ,  which are  p o t e n t i a l  f u e l s )  f o r  con- 
t a i n i n g  f l u o r i n e  or 03F2 should  be degreased  (LOX-cleaned), d r i e d ,  and 
pass iva t ed  a s  o u t l i n e d  i n  General Chemical D iv i s ion ,  A l l i e d  Chemical 
Company, New York, N . Y . ,  Product In fo rma t ion  Techn ica l  B u l l e t i n ,  TA-85411. 
Liquid 03F2 w i l l  i g n i t e  Neoprene g loves  and rubber ,  bu t  i f  care is  t aken  
t h a t  Neoprene g loves  do not  d i r e c t l y  c o n t a c t  l i q u i d  03F2 they  can  be used 
on dry boxes i n  t h e  presence  of gaseous f l u o r i n e .  I n  g e n e r a l ,  t h e  l i s t  
of m a t e r i a l s  found t o  be compat ib le  wi th  l i q u i d  and gaseous f l u o r i n e  can  
t o l e r a t e  l i q u i d  03F2 and LOX-O3F2 s o l u t i o n s .  0,F2 r e a c t s  i n s t a n t l y  and 
u s u a l l y  v i o l e n t l y  w i t h  any water  a v a i l a b l e  anywhere i n  a p p a r a t u s  used 
w i t h  i t  o r  LOX s o l u t i o n s  c o n t a i n i n g  i t .  
I n  no c a s e  should 03F2 be allowed t o  warm r a p i d l y  above i t s  decom- 
p o s i t i o n  tempera ture  i n  a c l o s e d  s y s t e m .  03F2 w i l l  decompose s lowly  i n  
s to rage  a t  9 0 ° K  i n  a M X  b a t h  wi thout  g e n e r a t i n g  e x c e s s i v e  p r e s s u r e s  
because t h e  f i r s t  decomposition p roduc t s ,  92 and 02F2, do no t  g e n e r a t e  
much more than  t h e  e q u i l i b r i u m  vapor p r e s s u r e  f o r  LOX. A t  h i g h e r  t e m -  
p e r a t u r e s ,  where y F 2  decomposes and t h e  decomposition p roduc t s  0, and 
F2 a re  produced, c o n d i t i o n s  e x i s t  f o r  r a p i d  p r e s s u r e  bui ldup ,  accompanied 
by v i o l e n t  r u p t u r e s ,  r e a c t i o n s ,  o r  e x p l o s i o n s .  
Clean meta l  pans  can be used under  handl ing  equipment t o  c a t c h  
i n a d v e r t e n t l y  s p i l l e d  03F,. O,F, decomposes r a p i d l y  wi thout  i n c i d e n t  i n  
a n  open c o n t a i n e r .  D e w a r  f l a s k s  should  b e  modified t o  remove e x t e r i o r  
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j a c k e t s  or bases  f a b r i c a t e d  from combustibles such as p l a s t i c  or a s p h a l t .  
The l a t t e r  can  be removed e a s i l y  by f r e e z i n g  i t  i n  LN2 and sc rap ing  out  
t h e  r e s i d u e .  
A v a r i e t y  of handl ing  equipment such as LOX-cooled p i p e t t e s ,  f u n n e l s ,  
and c o n t a i n e r s  have been used--examples of a few simple ones are shown i n  
F ig .  B-2. Glass  equipment i s  no t  as s a t i s f a c t o r y  as meta l  because of 
poor h e a t  c o n d u c t i v i t y .  Glass con ta in ing  0,F2 o f t e n  f r a c t u r e s  when 
traces of 0,F2 react on t h e  s u r f a c e  wi th  combust ib les .  The double 
copper - to-g lass  Housekeeper S e a l  p i p e t t e  (F ig .  B-2) w a s  easier t o  handle 
t h a n  t h e  LOX-cooled glass D e w a r  t ype  p i p e t t e  and w a s  no t  as bulky. 
T r a n s f e r s  w i t h  p i p e t t e s  are b e s t  accomplished i n s i d e  l a r g e  LOX-cooled 
Dewar f l a s k s  t o  minimize b o i l o f f  of t h e  coolan t  LOX. 
0,F2 can  be poured from one c o n t a i n e r  t o  ano the r  i f  g r e a t  care i s  
t aken  t o  c o o l  comple te ly  t h e  pouring spout.  Poor c o o l i n g  r e s u l t s  i n  
subsequent contaminat ion  of t h e  d e l i v e r y  sample wi th  m a t e r i a l  which 
adheres  t o  t h e  l i p  of t h e  spou t ,  which on warming decomposes t o  02F2. 
Th i s  t h e n  m e l t s  and f r e e z e s  nea r  t h e  s u r f a c e  of 0,F2. 
U t e n s i l s  which have 03F2 adher ing  t o  t h e  w a l l s  are p o t e n t i a l l y  
dangerous and t h e  0,F2 i s  not  r e a d i l y  washed away w i t h  LOX s o l v e n t .  I t  
is convenient  t o  u t i l i z e  e x t r a  D e w a r  f l a s k s  p a r t i a l l y  f i l l e d  w i t h  LN a s  
temporary s t o r a g e  f o r  contaminated u t e n s i l s  and unused m a t e r i a l s .  I t  i s  
no t  always convenient  or p r a c t i c a l  t o  warm immediately each  p i e c e  of con- 
tamina ted  equipment t o  room tempera ture ;  e x c e s s i v e  h a s t e  could  r e s u l t  i n  
s p i l l i n g  0,F2 or 02F2. 
Liquid  t r a n s f e r  of 0,F2 through LOX-cooled "U" t ubes  p r e s s u r i z e d  w i t h  
i n e r t  g a s e s  h a s  been accomplished but  ex t r eme  c a r e  must be t aken  t h a t  no 
d i r t  or h o t  s p o t s  e x i s t  i n  t h e  tube .  Such c o n d i t i o n s  s e r v e  t o  produce 
oxygen-f l u o r i n e  gas  g e n e r a t o r s .  
I n  many i n s t a n c e s  i t  has  been more convenient  t o  des ign  smal l  
g e n e r a t o r s  which produce 0,F2 n e a r  t h e  spot t o  be u t i l i z e d  r a t h e r  t han  
a t tempt  t o  t r a n s f e r  s m a l l  q u a n t i t i e s  and r i s k  contaminat ion .  
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FIG. B-2 (a) LOX-COOLED GLASS PIPETTE DEWAR FLASK JACKET 
(b) LOX-COOLED FUNNEL 
(c) LOX-COOL ED PIP ETTE (Double Housekeeper Seal) 
B-12 
Samples of 0,F2 or LOX-03F2 can be r e a d i l y  sea l ed  i n  g l a s s  ampoules 
f o r  s t o r a g e .  A meta l  bellows so lde red  t o  Swagelock f i t t i n g s  having 
Tef lon  c o l l a r s  serves a s  a s e a l  between the  g l a s s  and bellows t o  prevent 
f u e l s  from c o n t a c t i n g  t h e  03F2 when t h e  tubes  a r e  s e a l e d  wi th  an open 
flame. P r e s s u r e  i n s i d e  t h e  bellows can be a d j u s t e d  t o  cause t h e  g l a s s  
t o  c o l l a p s e  and sea l  when hea ted .  This  ope ra t ion  should  be done w i t h  a 
minimum of exposure due t o  t h e  s e n s i t i v i t y  of 0,F2 t o  l i g h t .  
F a c i l i t y  U s e  of LOX/03F2 
LOX/0,F2 can be obta ined  a t  a tes t  f a c i l i t y  as  a premixed s o l u t i o n  
or t h e  s o l u t i o n  can be prepared  on s i t e .  The supply of premixed s o l u t i o n s  
i s  contemplated by one s u p p l i e r .  However, as some u s e r s  may p r e f e r  t o  
p repa re  or purchase nea t  03F2, information on recommended mixing proce- 
du res  are inc luded .  
M a t e r i a l s  of Cons t ruc t ion  and Fabr i ca t ion  P rocesses  
~~ ~ 
M a t e r i a l s  used i n  flow s y s t e m s  inc lude  me ta l s  and v a r i o u s  non- 
m e t a l l i c s  used f o r  g a s k e t s ,  va lve  s e a t s ,  i n s u l a t i o n ,  and combustion 
chambers. 
Meta ls  used i n  con tac t  w i th  LOX/0,F2 may be s e l e c t e d  on t h e  b a s i s  
of usage w i t h  f l u o r i n e ,  Flox, or t h e  in t e rha logens .  I t  i s  customary t o  
LOX-clean and p a s s i v a t e  us ing  gaseous f l u o r i n e  or o t h e r  approved proce- 
d u r e s .  An a p p l i c a t i o n s  t a b l e  of m e t a l l i c  m a t e r i a l s  which have proved 
s a t i s f a c t o r y  i s  g iven  below: 
PROVEN METALLIC MATERIALS 
Valve 
Gates 
X 
Gasket s 7 
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System f a b r i c a t i o n  can be c a r r i e d  ou t  u s ing  welding, gaske ted  
f langed  j o i n t s ,  or c l o s e - t o l e r a n c e  compress ion - f i t  un ions .  Exper ience  
t o  d a t e  i n d i c a t e s  t h a t  welding i s  s a t i s f a c t o r y  but  100% x-ray i n s p e c t i o n  
of welds i s  mandatory. This  i s  p a r t i c u l a r l y  t r u e  of supe r - in su la t ed  or 
convent iona l  vacuum-jacketed l i n e s  where weld r e p a i r  of t h e  i n n e r  f low 
l i n e  a f t e r  f a b r i c a t i o n  becomes d i f f i c u l t .  ( I n  one i n c i d e n t  i t  i s  be l i eved  
t h a t  a s l a g  i n c l u s i o n  was a t t a c k e d  w i t h  subsequent l i n e  burnup.) A major 
f i r e  occur s  i f  LOX/03F2 is  drawn i n t o  a vacuum j a c k e t  and r e a c t s  w i t h  t h e  
r e f l e c t i v e  me ta l  and p l a s t i c  i n s u l a n t .  
Only h i g h l y  f l u o r i n a t e d  p l a s t i c s  have been found s a t i s f a c t o r y  f o r  
service wi th  LOX/03F2. Kel-F e l a s tomer  ( n o n - p l a s t i c i z e d )  and Te f lon  are 
t h e  t w o  materials used for g a s k e t s  and v a l v e  s e a t s .  Both materials have 
been used but tests t o  d a t e  show t h a t  Kel-F i s  p r e f e r a b l e .  Dense carbon 
has  been found t o  be of l i t t l e  va lue  f o r  s e r v i c e  as v a l v e  g a t e s  because 
i t  r e a c t s  w i th  0,F2 under f i e l d  c o n d i t i o n s .  
P a s s i v a t i o n  Procedure 
P r i o r  t o  assembly of a s y s t e m ,  a l l  p a r t s  are LOX-cleaned u s i n g  t h e  
s t anda rd  procedure.  A f t e r  assembly a l l  l i n e s  are purged t o  removed 
t r a c e s  of mois ture  u s i n g  gaseous n i t r o g e n  obta ined  from a c ryogen ic  
g e n e r a t o r .  The system i s  then  checked f o r  l e a k s .  I f  no l e a k s  are 
p r e s e n t ,  t h e  s y s t e m  is  next  p a s s i v a t e d  u s i n g  one of two procedures :  
a) Gaseous f l u o r i n e  i s  s lowly  admi t ted  and t h e  s y s t e m  p r e s s u r e  
i s  allowed t o  i n c r e a s e  t o  5 p s i g  a f t e r  a l l  l i n e s  are f i l l e d .  
b) A mixture of 10% f l u o r i n e  i n  helium i s  premixed and used i n  
p l a c e  of n e a t  gaseous f l u o r i n e .  
The f i r s t  procedure h a s  been used i n  exper iments  t o  d a t e  and l i n e s  
and va lves  have wi ths tood  r epea ted  p a s s i v a t i o n .  
LOX/03F, Mixing Procedure  
Small s c a l e  mixing of 03F2 i n  LOX h a s  been c a r r i e d  ou t  u s i n g  a pre-  
mix tank .  Th i s  t a n k  was i n s u l a t e d  w i t h  4 inches  of po lyure thane  foam. 
A copper i m p e l l e r ,  s a f e t y  va lve ,  dump va lve ,  and a LOX-cooled e n t r y  p o r t  
are f i t t e d  t o  t h e  t a n k .  
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Mixing i s  achieved by t a k i n g  t h e  a p p r o p r i a t e  volume of 03F2 (ob ta ined  
as t h e  f r o z e n  s o l i d  i n  an LN, r e f r i g e r a t o r )  and me l t ing  it i n  a Dewar 
c o n t a i n i n g  LOX. A f t e r  me l t ing ,  t h e  0,F2 is t r a n s f e r r e d  t o  t h e  mix t a n k  
through a LOX-jacketed f u n n e l .  
added t o  ensu re  complete s a t u r a t i o n  of t he  LOX i n  t h e  mix t a n k . )  
(A s l i g h t  excess of 03F2 i s  normally 
A f t e r  a d d i t i o n  of t h e  03F2, t h e  tank  is  s t i r r e d  f o r  30 minutes to 
vent  any p r e s s u r e  bui ldup .  On completion of mixing, t h e  LOX/03F2 i s  
t r a n s f e r r e d  by p r e s s u r e  t o  t h e  main flow t ank  ( p r e v i o u s l y  cooled  w i t h  
LOX). 
Flow System Problems 
A l l  l i n e s ,  t a n k s ,  and f i t t i n g s  used wi th  LOX/0,F2 must be a t  a 
s u f f i c i e n t l y  low tempera ture ,  where t h e  03F2 h a s  adequate s t a b i l i t y .  
Th i s  i s  achieved by u s i n g  p r e c h i l l e d  l i n e s  of t h e  s u p e r - i n s u l a t e d  type  
or a LOX-jacketed l i n e .  I n  making tes t  runs ,  t h e  combustor p r e f e r a b l y ,  
bu t  most c e r t a i n l y  t h e  i n j e c t o r  must s t a g n a t e  a t  o r  n e a r  LOX t a n k  
tempera ture .  
Cool ing  of t h e  i n j e c t o r  and l i n e s  may be achieved  us ing  d i r e c t  
thermal  conduction t o  t h e  LOX t a n k  or by r e g e n e r a t i v e  coo l ing  u s i n g  LOX 
o r  LH2 b o i l o f f  gases .  
t h e  l i n e  which would l e a d  t o  LOX l i n e  f r e e z i n g .  
Care must be taken t o  p rec lude  over -cool ing  of 
The need f o r  e x t r a  p recau t ion  wi th  LOX/03F2 and LOX i s  mandatory 
s i n c e  c o n t a c t  of LOX/03F2 w i t h  any organic m a t t e r ,  m e t a l l i c  f o i l  ( u n l e s s  
c leaned  and p a s s i v a t e d ) ,  and even s i z e d  g l a s s  i n s u l a t i o n  f i b e r  r e s u l t s  
i n  f i r e .  
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APPENDIX C 
INSTRUMENTATION AND SYSTEMS CONTROL 
Ins t rumen ta t ion  and System Data Aqu i s i t i on  
I n  F i g .  C-1 ,  t h e  b a s i c  i n s t rumen ta t ion  c i r c u i t s  a r e  shown. The 
measurements made wi th  t h e s e  c i r c u i t s  f a l l  i n t o  t h r e e  c a t e g o r i e s  each 
of which d i c t a t e s  t h e  c a l i b r a t i o n  and t h e  environmental  and frequency 
response  requi rements  f o r  t h e  measurement. The t h r e e  types  of  d a t a  
ob ta ined  were ;  o x i d i z e r  and f u e l  supply  s y s t e m  d a t a ,  o x i d i z e r  and f u e l  
supply  flow d a t a ,  and i g n i t i o n  de lay  d a t a .  Table  C-I l ists  t h e  m e a -  
surements ,  t r a n s d u c e r s ,  s i g n a l  cond i t ion ing ,  and method of r eco rd ing .  
These measurements a l l  f a l l  i n t o  t h e  flow and event  d a t a  c a t e g o r i e s  w i t h  
t h e  e x c e p t i o n  of t h e  run  t ank  p res su re  measurements. 
The o x i d i z e r  and f u e l  supply system measurements are t h e  s t anda rd  
type  measurements made and were only  p e r i o d i c a l l y  monitored t o  a s s u r e  
o p e r a t i o n ,  s a f e t y ,  and c a p a b i l i t y  of t h e  system. F igure  1 i n  t h e  main 
text shows t h e  schematic of f a c i l i t y  and t h e  l o c a t i o n  of t h e s e  measurements. 
P r e s s u r e  measurements monitored throughout t h e  f a c i l i t y  w e r e  made wi th  
t h r e e  types  of t r ansduce r s :  (1) Bourdon tube wi th  d i a l  i n d i c a t o r ,  ( 2 )  
Bourdon t u b e  po ten t iome te r  cabled  t o  a remote microammeter, and (3) s t r a i n  
gage t r a n s d u c e r  readout  on t h e  o s c i l l o g r a p h .  The f a c i l i t y  n i t r o g e n  
gas  manifold and supply p r e s s u r e s  and the r e g u l a t o r  f o r  bo th  t h e  H, 
(gas )  and 0, (gas)  were read  v i s u a l l y  on t h e  d i a l  type  gages.  The 
r e g u l a t o r  i n l e t  and o u t l e t ,  and tank  p r e s s u r e s  f o r  bo th  t h e  % (gas )  
and 0, (gas )  w e r e  monitored u t i l i z i n g  the  second type  of gage. The 
t a n k  p r e s s u r e s  were a l s o  recorded on t h e  o s c i l l o g r a p h  u s i n g  t h e  s t r a i n  
gage t r a n s d u c e r s .  The l i q u i d  l e v e l s  i n  the  run  t anks  were monitored 
u s i n g  m u l t i p l e  thermocouples on a probe i n  t h e  t a n k  w i t h  t h e  bottom one 
a c t i n g  as a r e f e r e n c e  j u n c t i o n .  The l e v e l  s e n s o r s  w e r e  checked d u r i n g  
t h e  f i l l i n g  o p e r a t i o n  and p e r i o d i c a l l y  a s  t h e  tests p rogres sed .  
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TABLE C - I  
BAS I C  INSTRUMENTATION DATA 
Measurement 
Tank P r e s s u r e  
and LOX 
Line P r e s s u r e  
and LOX 
I n j e c t  or P r e s s u r e  
LH, and LOX 
Chamber Gage 
P r e s s u r e  Abs. 
Line Temperature 
LH, and LOX 
I n j e c t o r  Temperature 
LH, and LOX 
Engine J a c k e t  
Temperature 
- 
Transducer 
Taber 
Model 206 
Taber 
Model 206 
K i s t  l e r  
Model 601A 
K i s t l e r  601A 
Taber 227 
Au-CO VS.  CU 
T. C .  Probe 
Au-Co vs.  Cu 
T. C .  Probe 
Cu vs .  Constantan 
T.  C.  (welded) 
#1 through #3 
I o n i z a t i a n  
~ ~~ ~~ 
S i g n a l  
Condi t i on i  ng 
None 
None 
Charge Ampl i f i e r  
Kis t le r  504/566 
Charge Ampl i f i e r  
None 
None 
None 
None 
Xone 
Galvo Ampl i f i e r  
Tungsten Probe 
#1 through #4 I 
~~~~~~ ~ 
Recorder 
Honeywell 1019 
V i s i c o r d e r  
Honeywell 1012 
V i s i c o r d e r  
P . I .  206 Tape 
Rec o r d e r  
V i s i c o r d e r  
Tape Recorder 
V i s i c o r d e r  
V i s i c o r d e r  
V i s i c o r d e r  
V i s i c o r d e r  
Tape Recorder 
V i s i c o r d e r  
1 I 
The c ryogen ic  flow measurements i nc lude  t h e  l i n e  and i n j e c t o r  
p r e s s u r e s  and tempera tures .  These tempera tures  and p r e s s u r e s  w e r e  made 
t o  de te rmine  t h e  flow through t h e  c a v i t a t i n g  v e n t u r i s  and i n j e c t o r .  
S ince  t h e  f low w a s  t r a n s i e n t ,  good frequency response  of t h e s e  measure- 
ment s was mandatory. 
I n  F i g .  C-2, t h e  c o n s t r u c t i o n  of t he  thermocouple probes i s  shown. 
10  M i l  go ld -co lba l t  and copper w i r e  was used. The j u n c t i o n s  w e r e  made 
by mercury a r c  welding. They were not  enclosed or shea thed  s o  t h a t  
m a x j m i i m  f r e l i i e n r y  reqponse could be obta ined .  Temperature c a l i b r a t i o n s  
a r e  made by immersing t h e  probe i n  a r e f e r e n c e  c ryogen ic  (LOX, LN,, and 
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LAr) and r eco rd ing  t h e  EMF on t h e  o s c i l l o g r a p h .  
thermocouple measurements i s  on t h e  o r d e r  of 1 0  m i l l i s e c o n d s  as flow 
i s  increased  from z e r o  t o  20 c u b i c  inches  p e r  second. The probes 
be ing  immersed i n  l i q u i d  n i t r o g e n  w e r e  s u b j e c t e d  t o  a maximum tempera tu re  
d i f f e r e n t i a l  of 57OK on t h e  hydrogen l i n e  and 13 K on t h e  LOX l i n e .  
The r e f e r e n c e  f o r  bo th  LOX and l i q u i d  hydrogen tempera ture  measurements 
was 77 K ( l i q u i d  n i t r o g e n ) .  The n i t r o g e n  l e v e l  i n  t h e  r e f e r e n c e  dewar 
was maintained between eve ry  test and p r o t e c t e d  from contaminat ion  by 
a c l o s e  cove r ing  of aluminum f o i l ,  so t h e  atmosphere above t h e  LN, w a s  
gaseous N,. 
The rise t i m e  f o r  t h e  
0 
0 
Line p r e s s u r e  measurements (upstream from t h e  c a v i t a t i n g  v e n t u r i s )  
were made wi th  s t r a i n - g a g e  t y p e  p r e s s u r e  t r a n s d u c e r s  which w e r e  t he rma l ly  
i s o l a t e d  by a l e n g t h  of t h i n  w a l l  1/8 inch  d i ame te r  s t a i n l e s s  steel 
tub ing .  Th i s  method of coup l ing  lowered t h e  frequency response  bu t  s i n c e  
i t  s t i l l  exceeded t h a t  of t h e  tempera ture  measurements i t  w a s  not a 
prime f a c t o r .  The i n j e c t o r  p r e s s u r e  measurements had t o  have good 
response s i n c e  t h e  i g n i t i o n  d e l a y  w a s  determined from t h e  i n j e c t o r  
p r e s s u r e  r i s e .  P i e z o e l e c t r i c  t r a n s d u c e r s  ( K i s t l e r  model 601A) w e r e  
used. S ince  t h e  t r a n s d u c e r s  were exposed t o  a l i q u i d  n i t r o g e n  envi ron-  
ment, they  were checked f o r  response  and c a l i b r a t i o n  p r i o r  t o  i n s t a l l a -  
t i o n .  
t o  a Hiese gage f o r  c a l i b r a t i o n  checks .  I t  w a s  found t h a t  t h e  c r y s t a l  
had t h e  same s e n s i t i v i t y  a t  77 K as a t  296 K b u t  t h e  z e r o  charge  w a s  
a f f e c t e d  by tempera ture  g r a d i e n t  a c r o s s  t h e  c r y s t a l .  The tempera ture  
d i f f e r e n c e  between t h e  senso r  media and adap to r  environment w a s  a t  a 
minimum under  t h e  test c o n d i t i o n s .  The adap to r  used  f o r  t h e  
i n j e c t o r  p r e s s u r e  measurements is shown i n  F i g  C-3. A l l  p r e s s u r e  
t r ansduce r s  were c a l i b r a t e d  u s i n g  a Mansfield and Green model R-100 
dead-weight tester. 
The t r a n s d u c e r s  under LN, were coupled through a l e n g t h  of t u b i n g  
0 0 
The "event" d a t a  determined not  on ly  t h e  t i m e  of i g n i t i o n  d e l a y  
from va lve  opening b u t  a l s o  t h e  l o c a t i o n  of i g n i t i o n .  These d a t a  were 
obta ined  from t h e  i o n i z a t i o n  p r o b e s ,  chamber p r e s s u r e  t r a n s d u c e r ,  and 
i n j e c t o r  p r e s s u r e  t r a n s d u c e r s .  The c o n s t r u c t i o n  of t h e  tungs t en  i o n  
probes is shown i n  F ig .  C-4.  The chamber p r e s s u r e  measurement w a s  
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made u s i n g  t h e  f l u s h  type  mount as shown i n  F i g  C-3 t o  o b t a i n  maximum 
response .  The i n j e c t o r  p r e s s u r e  measurements have p rev ious ly  been 
d i s c u s s e d .  A l l  of t h e s e  measurements were recorded  on magnetic t ape  
and e v a l u a t i o n  of t h e  d a t a  is d i scussed  i n  t h e  text of t h i s  r e p o r t .  
Svstem Con t ro l  
The system schematic shown i n  F ig .  1 of t h e  main t e x t  i n d i c a t e s  
t h e  f a c i l i t y  v a l v i n g  t h a t  is opera ted  manually and t h a t  p o r t i o n  which 
can  be ope ra t ed  remote ly .  F i l l i n g  of t h e  hydrogen run  t ank  was 
accomplished on l o c a t i o n  by personnel manually o p e r a t i n g  t h e  mobile dewar 
v a l v i n g .  
run  t a n k  w a s  done remotely from t h e  c o n t r o l  room. System p r e s s u r i z a t i o n ,  
v e n t i n g ,  and purg ing  were done by t h e  test conductor a t  t he  c o n t r o l  
conso le .  The main flow and i n j e c t o r  purge v a l v i n g  was handled by t h e  
au tomat ic  sequencer d u r i n g  t h e  tests. T h e s e  f u n c t i o n s  could be over- 
r i d d e n  by t h e  t es t  conductor w i th  a u x i l l a r y  swi t ch ing .  The sequencer 
schemat ic  is  shown i n  F igure  C-5. A safety-arming swi tch  for t h e  
main flow v a l v e s  enabled  t h e  p re l imina ry  s e t t i n g  of t h e  t i m e  d e l a y s  
for t h e  o x i d i z e r  and/or f u e l .  The only  unique f e a t u r e  of t h e  au tomat ic  
o p e r a t i o n  is t h a t  of t h e  i n j e c t o r  purges .  Normal o p e r a t i n g  procedure 
c o n s i s t e d  o f  swi t ch ing  t h e  purges  t o  au tomat ic  d u r i n g  t h e  count-down 
and t h e n  going  back t o  manual a f t e r  shutdown by t h e  sequencer .  The 
au tomat ic  c y c l e  of t h e  sequencer is i n i t i a t e d  by t h e  f i r i n g  swi t ch .  
T h e  t i m e  d e l a y  u n i t s  are ene rg ized  and when t h e  s i l i c o n  c o n t r o l l e d  
r e c t i f i e r  i n  t h e  u n i t  which c o n t r o l s  t h e  run  d u r a t i o n  i s  g a t e d ,  t h e  
i n j e c t o r  purge c o n t r o l l e d  r e c t i f i e r  is ga ted .  AS soon as t h e  i n j e c t o r  
p r e s s u r e  drops  below 50 p s i ,  t h e  purge va lves  are opened. The purge 
remains on u n t i l  t h e  c o n t r o l l e d  rect i f ier  i s  reset or u n t i l  t h e  purge 
swi t ches  are manually switched t o  t h e  OFF p o s i t i o n .  
T r a n s f e r  of t h e  LOX-O,F, mixture from t h e  mix t ank  t o  t h e  
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APPENDIX D 
A SIMPLE COLORIMETER FOR ASSAY OF 03Fa IN LIQUID OXYGEN 
A simple c o l o r i m e t e r  w a s  cons t ruc t ed  f o r  assay of 03Fa i n  l i q u i d  
oxygen (LOX). Because of t h e  problems a s s o c i a t e d  wi th  t h i s  c ryogenic  
sys tem,  t h e  des ign  w a s  somewhat d i f f e r e n t  from a convent iona l  co lo r -  
imeter. The main d e p a r t u r e  from convention was t h e  u s e  of  pyrex g l a s s  
rod  l i g h t  p i p e s  t o  conduct t h e  l i g h t  i n t o  and ou t  of t h e  s o l u t i o n .  I t  
w a s  f e l t  t h a t  t h i s  approach w a s  more s a t i s f a c t o r y  t h a n  a system where 
t h e  l i g h t  must p a s s  through several g l a s s  w a l l s ,  as would be t h e  case 
f o r  a ce l l  immersed i n  a dewar of LOX. The l i g h t  sou rce  f o r  t h e  c o l o r -  
imeter w a s  a GE 328 p i l o t  lamp r a t e d  6V a t  0.20 amp. The lamp w a s  
powered from a 6 . 3  v o l t  f i l amen t  t ransformer  whose primary i s  d r i v e n  
by a S o l a  c o n s t a n t  vo l t age  t r ans fo rmer .  The l i g h t  s e n s o r  w a s  a 
C l i i r e x  CL 702L cadmium s u l f i d e  p h o t o r e s i s t o r .  T h i s  ce l l  h a s  a peak 
i n  s p e c t r a l  response  a t  5150A, and h a s  f a i r l y  good response  down t o  
4000A. A Kodak g e l a t i n  f i l t e r  Wratten No. 9 8  w a s  used i n  t h e  l i g h t  
sou rce  t o  i s o l a t e  t h e  spectral r eg ion  vhere O,F, absorbs  s t r o n g l y  (p re -  
sumed t o  b e  about  4200-46004 i n  t h e  v i s i b l e ) .  A ske t ch  of t h e  sou rce  
and d e t e c t o r  assembly i s  g iven  i n  F i g .  D - 1 .  
The p h o t o c e l l  was one a r m  of a Wheatstone b r i d g e  c i r c u i t  which 
w a s  powered by 66 v o l t s  r e g u l a t e d  D.C. The b r i d g e  imbalance was r e a d  
w i t h  a n  RCA Voltonymst vacuum tube  v o l t m e t e r .  A schematic of t h e  
e lec t r ica l  c i r c u i t  is  given as F ig .  D-2. The imbalance v o l t a g e  i s  
p r o p o r t i o n a l  t o  t h e  absorbance of t h e  s o l u t i o n s .  A c a l i b r a t i o n  of t h e  
system was made u s i n g  OsF2 i n  LOX s o l u t i o n s .  The o p t i c a l  p a r t  of t h e  
system w a s  ope ra t ed  i n  a d r y  box t o  avoid i c i n g  problems on t h e  g l a s s  
rods .  The procedure used i s  as fo l lows:  
1) Immerse g l a s s  rod l i g h t  p i p e s  i n  LOX, and a d j u s t  t h e  v a r i a b l e  
r e s i s t o r  arms t o  produce z e r o  bridge o u t p u t .  'I'nis r ep resencs  
100% t r a n s m i s s i o n  va lue .  
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2) Replace pure LOX wi th  s o l u t i o n  of  OsFa i n  LOX, and r ead  
output  v o l t a g e  which is p r o p o r t i o n a l  t o  c o n c e n t r a t i o n .  
The r e s u l t  of t h i s  c a l i b r a t i o n  is g iven  i n  Table  D-I  and F i g .  D-3.  
The r e s u l t s  are completely e m p i r i c a l ,  b u t  s e r v e  t h e  purpose in t ended .  
Improvements t h a t  could  be made i n  t h i s  t echn ique ,  i f  n e c e s s a r y ,  
Cons t ruc t  a more s t a b l e  l i g h t  s o u r c e  u s i n g  some kind of 
feedback r e g u l a t i o n .  Incandescent  sou rces  run  on c o n s t a n t  
vo l t age  are more s t a b l e  t h a n  un regu la t ed  sources  but  s t i l l  
are s u b j e c t  t o  both  s h o r t  and l o n g  t e r m  v a r i a t i o n .  
Coat t h e  g l a s s  r o d s  wi th  a r e f l e c t i v e  metal c o a t i n g  t o  
i n c r e a s e  e f f i c i e n c y  and make them more immune t o  ambient 
l i g h t  v a r i a t i o n s .  W e  t r i e d  t o  use  s p u t t e r e d  n i c k e l  on  t h e  
rods  but  on ly  succeeded i n  making them less e f f i c i e n t ,  
probably because of N i O  i n  t h e  n i c k e l .  
P i ck  pho tode tec to r  of g r e a t e r  s t a b i l i t y .  
TABLE: D-I 
CALIBRATION DATA FOR COLORIMETRIC ANALYZER 
O,Fa Concen t ra t ion ,  
(% of S a t u r a t i o n )  
0 
25 
50 
75 
loo* 
Output Voltage 
Average 
0 0 
1.22, 1.20 1.21 
2.5, 2.7 2.6 
4.2, 4.4 4.3 
7.0, 7.0 7.0 
* 
O,Fa-LOX s o l u t i o n  s a t u r a t e d  a t  90°K 
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